Microparticle suspensions and bacteria laden droplets: Are they the same in terms of wetting signature?   
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Abstract
Adhesion behavior of microbial pathogens on commonly encountered surfaces is one of the most pertinent questions now. We present the characterization of bacteria laden droplets and quantify the adhesion forces on highly repellent surfaces with the help of a simple experimental setup. Comparing the force signature measured directly using an in-house capillary deflection based droplet force apparatus, we report an anomalous adhesion behavior of live bacteria (E. coli) laden droplets on repellent surfaces, which stands in stark contrast to the observed adhesion signature when the doping agent is changed to inert microparticles or the same bacteria in an incapacitated state. We showed that the regular contact angle measurements using optical goniometry is unable to differentiate between the live bacteria and the dead ones (including microparticles) and thus delineate its limitations and the complementary nature of the adhesion measurements in understanding the fundamental interfacial interaction of living organisms on solid surfaces. 
Introduction
Understanding the adhesion of microbial pathogens is of critical interest with implications in both personal and public health and has far reaching consequences during pandemics like COVID-19. One of the serious questions that is still under scrutiny is the nature of adhesion and subsequent survival of these microbes on surfaces like glass and metals which are ubiquitous in our daily lives. A clear understanding of the mechanism of surface adhesion of these microbes will enable us to design and develop surfaces and surface specific treatments as engineering strategies to mitigate the severe consequences of an impending pandemic and to address the larger issue of public health risks in community spaces. 
	The model candidates for lab scale studies of pathogens is E. coli, a gram-negative bacterium that is found in the human intestine, enjoying a symbiotic relationship.1 It an important candidate in the research community due its ease of use and the availability of the literature, especially the vast amount of genetic data and detailed taxonomical management.2 The colony formation and the biofilm development are of considerable interest in the recent times that underpins the synergistic effects of the bacterial growth with the host surface.3 E.coli find significant applications in diverse areas of science and engineering4–6 including microfluidics7, carbon sequestration8, superfluids9 and as a pedagogical tool.1,10 Though there are many useful applications, it remains a public health hazard, posing danger as outbreaks and adversely affecting the community hygiene plans.6 The severity of such events depends on the ease of transmission and one of the most effective way is to utilize surfaces that do not promote bacterial growth by introducing antibacterial agents.11 Another strategy is to deploy liquid repellant surfaces which have gained considerable momentum in the last few decades in the context of ‘superhydrophobic’ or extremely water repellent surfaces which typically show a static water contact angle in air greater than 1500.12,13 A plethora of fabrication techniques have been employed to create superhydrophobic surfaces from artificially engineered coatings14,15 and more readily available soot particles16–18 which rely on the Cassie-Baxter state of wetting to repel water droplets easily.12 A first step to understand the interaction of microbe-laden droplet on superhydrophobic surfaces is to employ microparticles as surrogates.19,20 However, the interaction of microbial pathogens like E.coli with these surfaces are still not explored in detail21 although there are a number of studies on bioactive components like vesicles22 red blood cells.23 From a theoretical perspective, there are two approaches in understanding the bacterial adhesion: DLVO (Derjaguin–Landau–Verwey– Overbeek) theory24,25 and thermodynamics.26,27 In the former, the free energy is treated as a balance between the van der Waals forces and electrostatic forces whereas in the latter, the free energy is described in terms of the interfacial tensions between the bacteria, the solid substrate and the surrounding fluid medium.
 Traditionally, the wetting characterization for such microbes on typical surfaces is the contact angle based measurements.28 Advanced approaches, such as the droplet based adhesion measurement is an important tool in terms of modified substrates and underwater scenarios. In a recent study,32 a cantilever based droplet system was utilized to quantify accurately the adhesion and friction forces between the microparticle laden droplets and the solid substrate. In their experiments, they have used surfaces with different degrees of superhydrophobicity and established that the force-based measurements (such as adhesion) often provide a better understanding of the interfacial interaction of microparticle laden droplets on solid substrates.  
Literature suggest that contact angle measurements have been the primary tool to characterize the repellency of E.coli on superhydrophobic surfaces.21,33 However, its direct signature on the adhesion force on such surfaces has never been reported. It is to be noted that the use of E. coli as a model microorganism still requires a certified Bio Safety Level II facility. Therefore, often a simplified approach34,35 is taken where colloidal microparticles are used as surrogates to mimic bacteria-surface interaction. This stems from the reports24,36 that a physico-chemical description involving colloidal principles might suffice to provide a qualitative understanding of the ensuing dynamics in the initial stage of adhesion. However, this assumption does not account for the viability and motility of bacterial cells. In this study, through direct measurement of adhesion forces, we attempt to critically evaluate the applicability of inert colloidal particles as suitable bacterial surrogates.
The present work combines the simplicity of an in-house developed adhesion measurement device with the complex interfacial dynamics of the bacterial movement within a droplet that interacts with a hydrophobic surface. The complementary nature of force-based approach is extended from inert microparticles to motile bacteria, adding the complexity of a living organism within a fluidic environment conducive for performing its physiological functions under various fluids of biophysical interest. It aims to provide a more accurate picture of the wetting signature for living microorganisms such as E. coli and look more closely on the validity of microparticle/microbeads as a surrogate model. 
Experimental
For contact angle measurements (static and dynamic), sessile drop goniometry is employed (DSA 30, Krüss USA), following the standard protocols within the built-in processing software as shown in Figure 1(a).37 A sessile droplet of volume 3 µl is dispensed on the surface using a disposable stainless steel needle (needle diameter 0.5mm, NE44, Krüss USA) mounted on the automatic dispense unit of DSA 30 and the  image is captured using a camera to measure the static contact angle (θ). For contact angle hysteresis measurement, the liquid is slowly pumped at a rate of 0.1μl/min, increasing the volume of the droplet and the advancing contact angle (θa) is estimated once the contact line starts moving as shown in Figure 1(b)(i). Further, during the retraction of the fluid volume, the receding contact angle (θr) is estimated as shown in Figure 1(b)(ii).37
The adhesion measurement is based on the deflection of a polymeric cantilever similar to the droplet force apparatus (DFA)30 and the one used recently in a separate work32 by the authors for measuring the friction and adhesion forces of microparticle doped aqueous suspensions. An acrylic capillary tube (Paradigm Optics Inc, WA, USA) with length L = 72 mm and external diameter d = 360 μm is used as the cantilever sensor with a stiffness constant k = 27.6 mN/m, calibrated separately (see supporting information, section S1 for calibration details). The probe droplet with a volume of 5μl is dispensed at the tip of cantilever using a micropipette. It is to be noted that a glass capillary tube of diameter 410μm was used in our earlier work with microparticles,32 which resulted in k = 305 mN/m. However, no significant difference in adhesion force measurements are observed between the two sets of cantilevers, elucidating the universality of the probing technique.  The target hydrophobic surfaces were attached vertically on a motorized linear stage (Zaber Technologies Inc., BC, Canada) and translated with a velocity of 500μm/s. After smoothly touching the substrate and holding in the position for 10s, the stage is moved in the opposite direction, thereby deflecting the cantilever as shown in Figure 1(c) due to the adhesion of the droplet on the substrate. The deflection of cantilever tip from its mean position (Δx) is captured using a video camera (Photron FASTCAM Mini) at 60 frame per second with a strong backlight. Further, the video is analyzed using an open source video analysis program38 from which the deflection with respect to time is extracted as shown in Figure 1(d). The entire measurement procedure can be segregated into four steps based on the typical displacement curve of the cantilever tip as shown in the Figure 1 (d). From this, the adhesion force is calculated as Fadh = kΔxmax where Δxmax is the maximum deflection of the cantilever before the droplet is detached from the surface (see Video S1 in the Supporting Information S9 for a visual demonstration of the measurement of Fadh from a typical experimental video and its analysis).Figure 1. (a) The goniometry setup used for contact angle measurements, showing the sessile droplet and the static contact angle θ, (b)(i) Advancing contact angle (θa)  (ii) Receding contact angle (θr), (c) The experimental setup for measuring adhesion force, showing the cantilever deflection Δx due to the adhesion of the probe droplet on the substrate, (d) Typical deflection profile over time and the estimated force showing the four steps involved in the procedure and the final value of adhesion Fadh.


[bookmark: _Hlk55990984]	We have used E. coli (K-12 Strain SMG 123 (PTA-7555), ATCC, Cedarlane, Canada) as the model microbe in our experiments. An overnight culture was grown in Lauryl Tryptose (LT) Broth (Catalog No. DF0241170, Difco), diluted in deionized (DI) water (Milli-Q, 18.2 MΩ cm, MilliPore Sigma, Canada) with a concentration of 35.6 g/l. More details on the bacterial culture could be found in section S2 of the supporting information. After culturing, the solution containing bacteria was centrifuged (VWR, Mississauga, Canada) at 5000rpm for 10 min and the supernatant was removed to get the E. coli in pellet form. Followed by washing in DI water twice, the pellet is then resuspended in three different base fluids which served as the stock solution for creating bacteria doped probe droplets. This ensured that any residue that might arise due to the presence of the culture media is completely removed during the adhesion experiments. We have used three different base liquid media in this study, namely, DI water, phosphate-buffered saline (PBS, 1X, pH 7.4, Catalog No. 10010-023, Gibco) and Lauryl Tryptose (LT) broth (with the same concentration as the one used for bacterial culture), to explore the dependency of the adhesion behavior on the suspending medium. These three base liquids are routinely used in biological experiments. Starting with the full concentration stock solution, a serial dilution process (more details in the supporting information, section S3) was followed with a dilution factor of 1/10 at each step to generate samples of sequentially reducing bacterial concentration with the same base fluid. An agar plate counting reveals that the concentration of the bacteria in the undiluted (full concentration) stock solution is 8.2 × 106 CFU/ml (see supporting information, section S4). The dilution is limited to four steps in the present study as beyond this concentration, negligible number of bacterial colonies are observed in agar plating. 
[bookmark: _Hlk59736314]In order to understand of the physico-chemical mechanisms inherent to a live bacterial strain in comparison to dead bacteria (akin to microparticle suspension), bacterial colony were incapacitated where fresh sets of full concentration stock solutions with different base fluids containing E. coli were treated with 70% isopropyl alcohol (IPA, Fisher Scientific). A live/dead assay test (BacLight Kit, Invitrogen) was conducted on the samples to quantify the percentage of live and dead bacteria in the bacterial suspension (see section S5 in the supporting information for detailed protocol). For non-IPA treated samples, an average 72.3% bacteria were live. However, after IPA treatment, the percentage dropped down to 0, providing a visual confirmation that IPA solution indeed killed all the bacteria in the solution. This was also confirmed by agar plating, where no colony formation was observed in the IPA treated sample after incubation. In the present work, the bacterial signature is compared against inert polystyrene latex microparticles with a nominal diameter of 1μm (Magsphere Inc., Pasadena, CA, USA). These microparticles have a length scale comparable to that of E. coli39 (~ few μm). The microparticle suspension is subsequently diluted in DI water in varying concentration from 0 to 5% (w/v). A detailed physical and chemical characteristics and scanning electron microscopy (SEM) images of these microparticles are available at manufacturer’s website.40 For E.coli, for both the live and dead state, the characteristics are well reported in the literature.41–44
In this study we used two types of surfaces with two different repellent coatings, namely, S1 (Glaco, Soft99, Japan) and S2 (Glass Protect-SH, SiO2 International, Canada), both were coated on clean glass slides (Catalog No. 12-550-A3,Fisher Scientific, Canada). While S1 was spray coated, S2 was dip coated and both were heated thereafter at 600 C for 1 hour. Both coatings formed transparent hydrophobic surfaces with static contact angle, θ measured as 126° ± 1.6° and 151° ± 1.9° for S1 and S2, respectively. Please refer to the supporting information, section S6 for surface characterization data using SEM and atomic force microscopy (AFM).
Results & Discussion 

Figure 2. Static contact angle (θ) values for all probe-liquid and target surface combination - (a) represents θ values on S1 and S2 for varying microparticle concentration in the probe droplet, with DI water as base medium while (b) & (c) report θ values with varied  bacterial (E. coli ) concentration in the probe droplet, for both dead and live bacterial cells as dopants and with three different base media, namely LT, PBS and DI water. (b) represents the static contact angle data on surface S1 while (c) corresponds to surface S2.  In both (b) and (c) Zero and Full on the X (concentration) axis correspond to undoped base liquid and stock solution, while 4, 3, 2, 1 represent 10000, 1000, 100 & 10-fold dilution respectively from the stock solution i.e., increase in bacterial count from 8.2 × 102 CFU/ml to 8.2 × 105 CFU/ml in multiples of 10.  




Figure 2 shows the contact angle (CA) values for both microparticles as well as bacteria doped droplet with varied concentration for all three base liquids and two target surfaces. S2 showed a higher CA compared to S1 for all the cases, indicating a higher degree of hydrophobicity, which was also confirmed from the  Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra (see section S7 in the supporting information for further details) of the surfaces. The FTIR spectra of S2 indicates presence of C-F bonds on the surface, which contributes to a lower surface energy and consequently, higher hydrophobicity45.
 	As can be seen in Figure 2(b) and 2(c), probe droplets with DI water as a base medium showed a higher static contact angle followed by that of PBS and LT, on both the target surfaces. Also, the probe droplet with live bacteria as dopant always showed lesser static contact angle than its dead counterpart for the same bacterial concentration, base medium and target surface. Moreover, an overall decreasing trend of θ with increasing bacterial concentration is observed which bears qualitative similarity with the experimental observation for microparticle laden droplet reported in Figure 2(a). It gives a preliminary indication that the presence of more bacteria within the probe droplet enhances surface wetting.Figure 3. Contact angle hysteresis (CAH) values for all probe-liquid and target surface combination - (a) represents CAH values on S1 and S2 for varying microparticle concentration in the probe droplet, with DI water as base medium while (b) & (c) report CAH values with varied  bacterial (E. coli ) concentration in the probe droplet, for both dead and live bacterial cells as dopants and with three different base media, namely LT, PBS and DI water. (b) contains the CAH data on surface S1 while (c) corresponds to surface S2.  In both (b) and (c) Zero and Full on the X (concentration) axis correspond to base liquid (with no doping) and stock solution, while 4, 3, 2, 1 represent 10000, 1000, 100 & 10-fold dilution respectively from the stock solution, i.e., increase in bacterial count from 8.2 × 102 CFU/ml to 8.2 × 105 CFU/ml in multiples of 10.   

Figure 3 shows the contact angle hysteresis values for all the studied cases. The general observation is that the CAH increases with increase in doping concentration on all studied surface-probe liquid [image: Calendar, scatter chart

Description automatically generated]combination. The increasing trend of CAH indicates a stickier droplet-surface contact with increase in doping concentration, which is consistent with the wetting signature obtained from static contact angle measurements. The observed trend of contact angle hysteresis for microparticles is consistent with previously reported literature19,32. It is to be noted here that there are several overlaps and crossovers between the experimentally observed trends for live and dead bacterial droplets. And unlike Figure 2, where probe droplet containing dead bacteria always showed a higher static contact angle than its live counterpart, no such generalizable criteria could be established for CAH, making CAH based conclusive distinction between live and dead bacterial suspensions impossible.Figure 4. Adhesion force (Fadh) measurement for all probe-liquid and target surface combination - (a) represents Fadh values on S1 and S2 for varying microparticle concentration in the probe droplet, with DI water as base medium while (b) & (c) report Fadh values with varied  bacterial (E.coli ) concentration in the probe droplet, for both dead and live bacterial cells as dopants and with three different base media, namely LT, PBS and DI water. (b) represents the static contact angle data on surface S1 while (c) corresponds to surface S2.  In both (b) and (c) Zero and Full on the X (concentration) axis correspond to undoped base liquid and stock solution, while 4, 3, 2, 1 represent 10000, 1000, 100 & 10-fold dilution respectively from the stock solution, i.e., increase in bacterial count from 8.2 × 102 CFU/ml to 8.2 × 105 CFU/ml in multiples of 10.   
  





Figure 4 reports the adhesion force measurements, and here interestingly, there is a stark contrast in the concentration dependence of adhesion force between dead and live bacterial suspension. As can be seen in Figure 4(a), for microparticle suspension, Fadh increased with increasing doping concentration, which is in-line with our observation reported in a recent work.32  However, a decrease in the adhesion force is observed as the bacterial concentration is increased when the probe droplet contains live bacterial cells, for all the studied base liquids and target surface combination, as could be seen in Figure 4(b) & 4(c).  On the contrary, with dead bacteria as dopant, we see an increase in adhesion force with increasing doping concentration, which is similar to the observed trend for microparticle suspension (as shown in Figure 4(a)). This is a direct indication that the viability and possible motility of bacterial cells are responsible for reduced adhesion. This happened despite the fact that around 30% of the bacteria within the stock solution was not active. As illustrated in Figures 2 & 3 through contact angle measurements, probe droplet showed qualitatively similar dependence on doping concentration, where for all the studied droplet-surface combination, an increase in concentration corresponds to a lower static contact angle and a higher contact angle hysteresis. This qualitative similarity in wetting signature might give a false indication that perhaps microparticle suspension is an appropriate surrogate for probing bacterial adhesion. However, our framework enables direct measurement of the adhesion response, which unambiguously indicates that despite resemblance in wetting signature, the adhesion behavior is indeed significantly different between live and dead bacteria. Although there is some qualitative resemblance between dead bacteria and microparticle suspension, probe droplets doped with live bacterial cells exhibit a completely different adhesion signature, owing to the bacterial viability and motility, which clearly can not be replicated using inert microspheres.  Contextually, it is to be noted here that presence of nutrient residue (from the culture medium) in the probe droplet can create a nutrient gradient, causing chemotactic movement of bacteria inside the droplet. This movement can have unwanted implication on the ensuing adhesion behavior.  However, we have thoroughly washed the cultured bacteria with DI water twice before resuspending them in the base medium, which ensures complete removal of nutrient residues before preparation of the stock solutions. Further, the extremely low Reynolds number flow (~10-5) for the bacteria10 makes any rapid chemotactic movement improbable unless there are strong advective currents within the droplet.





Figure 5. Proposed mechanism for depinning of the bacteria from a structured superhydrophobic surface. The diameter of the bacterial cells (Lb) is comparable with the roughness length scale (Lc). The arrows indicate the preferential direction of bacterial mobility in presence of structured superhydrophobic surface. 

Based on the trend in the adhesion measurements, a mechanism is proposed here consisting of the motility driven depinning of the E. coli from the surface, as shown in Figure 5. Due to the roughness enabled hydrophobicity of the coated surfaces, which in turn is responsible for the Cassie-Baxter state of wetting, the pinning sites are already limited. The comparable size of the bacteria aids in augmenting this further, thereby leading to an early detachment of the droplet. Previous works have shown that for higher contact time with a given surface, the bacteria favours adhesion and growth.46,47 However, in the early stage of adhesion with short contact time (as in the present case), structural unfavorability of bacterial attachment on the surface becomes more important, leading to low adhesion force.
A direct comparison of bacteria and microparticles in terms of concentration used in the solution for the respective measurements, be it the contact angle or the adhesion force, is not straightforward, however from an electrostatic perspective, both have negative charges on its surface and is expected to interact with the surface in a similar way. The advantageous consequence is that we can now rule out that the surface charge is responsible for this enhanced depinning from the coated surface, then the microparticles should also have behaved in a similar way. As dead bacteria and the microparticles show a similar trend, the probable cause for this anomaly must be attributed to motility of the live bacteria.
It is to be noted here that culture-to-culture variance can alter the adhesion signature as different cultures may have different initial viability (percentage of live and dead bacteria), which is a key contributor to the ensuing dynamics, as we have identified earlier. As a precaution, we have always compared results from the same stock solution, which ensures the same parental identity and thereby eliminates the possibility of culture-to-culture variation. However, in order to establish the generality of experimental observations, we have also monitored the key quantities of interest (namely, percentage of live/dead bacteria, static and dynamic contact angle and adhesion force) across different cultures, where we maintained same culture conditions but cultured them separately as different aliquots. Our investigation confirmed that there was no significant difference across different aliquots, which reaffirms the generality of the conclusions. Details are presented in section S8 of the supporting information.    
We emphasize that the results from contact angle-based study should complement that of adhesion experiments. The present study aims to delineate the limitations of goniometry over direct adhesion signature while dealing with bioactive samples like bacteria. Especially high values of contact angle for repellent surfaces, the image based static angle measurements cannot be relied upon in its entirety .48,49 The next viable estimate is the dynamic contact angle measurements based on the hysteresis the contact line, which again suffers the limitations from imaging artefacts while determining the incipient contact line movement.37 Apart from reaffirming the non-unique interpretations of a regular goniometry, the adhesion based approach opens up a  possibility of sensing and detecting the presence of bacteria (i.e., live versus dead), without any biochemical agents and time-consuming plating or gene sequencing. Further, the adhesion signature using the current experimental set-up can be quantified with reasonable accuracy and confidence level, which unlike AFM, does not demand sophisticated infrastructure and operational expertise.  
Conclusion
We have presented the salient aspects of bacterial adhesion over highly repellent hydrophobic surfaces. We show that contact angle based optical goniometry provides an incomplete (and consequently inconclusive) description of the ensuing interfacial interaction between bacterial droplets and repellent surfaces. Apart from the imaging uncertainties (typically arising at high contact angle), wetting signature only captures on the behavior of the three-phase contact line and does not reveal any information on the contact surface underneath the droplet which is directly responsible for the adhesion behaviour. We report that despite qualitative similarity in concentration dependence of static as well as dynamic contact angle between microparticle suspension and bacterial (both live and dead) loads, the adhesion behavior exhibit a completely contrasting dependence on doping concentration, where unlike dead bacteria and inert microparticles, motility of live bacteria contributes to reduction in adhesion force with increase in concentration. A simple force-based adhesion measurement, as illustrated here, can elaborate the true nature of these interactions, which gives a clear indication that the bacterial viability and motility plays a crucial role in governing the adhesion behavior. We test with the most common fluids in biochemical experiments with both dead and live conditions and compare the outcome with the inert microparticle suspension to conclude that despite similar length scale, inert microparticles are not suitable surrogates for living bacterial cells. 
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