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Abstract 17 

 18 

Biofilm phenomena ranging from metabolic processes to attachment, detachment and quorum sensing 19 

are influenced by the fluid flow across the biofilm. A number of commercially available flow-cells allow 20 

for microscopy analysis of laboratory biofilms under flow, but there is a lack of shear controlled 21 

microfluidic devices that accommodate biofilms grown in situ on carriers or tissue samples. Therefore, 22 

we developed a flow-cell with adjustable geometry for microscopy analysis of in situ-grown biofilm 23 

samples under shear-controlled flow. The flow-cells were designed as one-piece disposable models, 3D-24 

printed in resin and sealed with a coverslip after insertion of the biofilm sample. As a proof of concept, 25 

we studied the impact of stimulated saliva flow on pH developments in in situ-grown dental biofilms 26 

exposed to sucrose. Under static conditions, pH dropped in the biofilms, with pronounced differences 27 

between individual biofilms, but also between different microscopic fields of view within one biofilm. 28 

pH in the top layer of the biofilms tended to be lower than pH in the bottom layer. Under conditions of 29 

stimulated saliva flow (5 mm/min), pH rose to neutral or slightly alkaline values in all biofilms, and the 30 

vertical gradients were reversed, with the biofilm bottom becoming more acidic than the top. Hence, the 31 

present work demonstrates the importance of flow for the study of pH in dental biofilms. 32 

 33 

Keywords: 3D-print; Biofilm; Confocal microscopy; Extracellular pH; Flow-cell; Microfluidic device 34 

 35 

Abbreviations: FOV, field(s) of view 36 

  37 
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1. Introduction 38 

 39 

Most natural and industrial biofilms form in the presence of a liquid flow, which affects all stages of 40 

biofilm formation, from the initial adhesion to maturation and the eventual detachment. With increasing 41 

flow and thus increasing shear stress, the total number of adhering cells has been shown to decrease, 42 

whereas the bonds formed by those bacteria that attach are more long-lived (Lecuyer et al. 43 

2011),(Dickinson and Cooper 1995). During maturation, the flow velocity and the nutrient concentration 44 

of the fluid constitute the main factors controlling biofilm growth. Cell clusters on the surface of the 45 

biofilm access nutrients more easily than cells in deeper layers, especially at low flow rates (Stewart 46 

2012). Consequently, some colonies grow faster than others do, and this brings about the typical 47 

heterogeneous biofilm morphology with mushroom-shaped towers surrounded by clusters with limited 48 

height (Stewart 2012). Moreover, flow forms the biofilm mechanically, and episodes of elevated shear 49 

induce different degrees of elastic or plastic deformation. If the shear stress excesses the cohesive or 50 

adhesive strength of the biofilm, it will even lead to gradual or complete biofilm detachment (Stewart 51 

2012).  52 

Through its impact on nutrient supply and the clearance of metabolic products, flow also plays a vital 53 

role for regulatory processes in biofilms. Studies have shown that external flow influences the 54 

communication system quorum sensing (QS) by creating gradients in the concentration of autoinducers 55 

that set the outer layers of the biofilm in a QS-off mode and contribute to biofilm robustness (Vaughan 56 

et al.; Kim et al. 2016). Moreover, mathematical modelling has shown that under flow conditions, 57 

autoinducers accumulate downstream and in irregularly shaped areas of the biofilm, which further 58 

illustrates the complex interplay of flow and metabolism.  59 
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Despite the importance of flow for biofilm behavior, most biofilm studies are conducted under static 60 

conditions, on coupons, on tissue samples, or simply in well plates (Coffey and Anderson 2014). 61 

Mechanical shear is typically applied by dipping or rotary shaking, and nutrients are often supplied by 62 

daily medium changes (Coffey and Anderson 2014). While such static setups reduce the experimental 63 

workload and cost, they do not reflect natural biofilm growth conditions, and care must be taken to 64 

extrapolate findings from experiments performed without flow.  65 

In the past decade, more attention has been drawn to the use of flow cells for biofilm growth that permit 66 

microscopy-based analyses (Rusconi et al. 2014). While some of these devices allow for shear-controlled 67 

flow conditions (Ong et al. 2017; Gianfranco Donelli 2014; van der Waal et al. 2017; Gulati et al. 2017; 68 

Rath et al. 2017; Gianfranco Donelli 2014) biofilms typically have to be grown inside the device, which 69 

precludes the use of biofilm samples grown in natural settings. In some flow chambers, a biofilm grown 70 

on a tissue or an industrial surface may be incorporated, but these solutions have a high purchase price 71 

and a limited size range. Most importantly, discrepancies between sample and chamber geometry hamper 72 

an optimal control of flow conditions.  73 

Here, we present the design of a new, versatile flow-cell for microscopy that accommodates samples of 74 

different geometry and provides shear-controlled flow. The flow-cell is designed in dedicated 3D-75 

software that allows easy adjustments of geometry to fit the sample in question. Subsequently, the 76 

disposable flow-cells are 3D-printed and ready to use. As a proof of concept, we collected dental biofilms 77 

grown in situ on custom-made glass slabs and demonstrated the use of the flow cells, as well as the 78 

tremendous influence of salivary flow on pH-developments inside the biofilms. 79 

 80 

2. Materials and Methods 81 
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 82 

2.1 In situ biofilm growth. Biofilms were collected from a healthy volunteer (female, 23y) who had not 83 

used antibiotics during the last three months and showed no signs of active caries. An individual 84 

removable lower jaw splint was designed (3Shape Dental System; Copenhagen, Denmark) and fabricated 85 

(BEGO Bremer Goldschlägerei, Bremen, Germany) with a 3D-printed metallic core (Wirobond C; Bego 86 

Bremer Goldschlägerei) and acrylic buccal flanges. For intraoral biofilm growth, non-fluorescent 87 

custom-made glass slabs (size: 4x4x1.5 mm; surface roughness: 1200 grit; Menzel, Braunschweig, 88 

Germany) were mounted with sticky wax (Dentsply, Weybridge, UK) on the buccal flanges in a slightly 89 

recessed position to reduce mechanical interference with the soft tissues. The splint was worn for 90 

experimental periods of 96 hours during which it was immersed in 10 % sucrose solution 3 times per day 91 

for 2 min. Otherwise, the splint was worn at all times and only removed during oral hygiene procedures, 92 

meals and intake of liquid other than water. Prior to the experiments, the participant was provided with 93 

written and oral information about the study and informed consent was obtained. The protocol was 94 

approved by the Danish National Committee on Health Research Ethics (1-10-72-178-18). 95 

 96 

2.2 Flow-cell design and production. The flow-cell was designed in the free software 123D-Design 97 

(Autodesk, San Rafael, USA) as a one-piece disposable model consisting of an inlet, a chamber with a 98 

viewing window and an outlet (Fig. 1). For pH analyses under flow, the geometry of the flow-cell was 99 

designed to fit the x and y dimensions of the glass slabs used for biofilm growth, with small margins of 100 

0.2 mm and 0.05 mm to allow for easy insertion. The vertical dimension was set to 1.6 mm, yielding a 101 

flow space of 100 µm that matches the saliva film thickness in the oral cavity (Dawes et al. 1989). The 102 

resulting file was transferred to the printer-associated software Meshmixer (Autodesk, San Rafael, USA), 103 
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and the areas of the flow cell that needed support material to maintain the connection to the print basis 104 

were identified (Fig. 2A). Support material was automatically added in the Meshmixer software (Fig. 105 

2B) and the flow cells were subsequently nested on the print basis (Fig. 2C, D). Hereafter, they were 106 

printed in resin (V-Print SG; Voco, Cuxhaven, Germany) using a SolFlex 650 3D printer (Voco). After 107 

printing, the flow-cells were cleaned in a reusable isopropanol ultrasound bath (BDH Chemicals, Radnor, 108 

USA) for 3 min, and then in a fresh isopropanol ultrasound bath for another 3 min. After air-drying, the 109 

cells were post-polymerized and vacuum treated for 15 min (3M, Minnesota, USA) to secure total curing 110 

and removal of the oxygen inhibition layer. Finally, the support material was removed manually before 111 

use. 112 

 113 

2.3 Flow-cell assembly. A glass slab was mounted in the flow-cell with a drop of silicone (Extrude light-114 

body; Kerr, Orange, USA) with the biofilm facing down. To obtain a realistic flow medium, the 115 

participant provided paraffin-stimulated saliva samples on the days of biofilm collection. The saliva 116 

samples were filtrated through sterile gauze, cleared by centrifugation (5 min, 1150 g) and used 117 

immediately. The outlet of the flow-cell was connected to a waste reservoir, the inlet to a 1 mL syringe 118 

(Henke Sass Wolf, Tuttlingen, Germany) filled with cleared saliva, sucrose (4 % w/V) and C-SNARF-4 119 

(20 µM). The bottom of the flow-cell was subsequently sealed to a round coverslip (25 mm dia.; 120 

Hounisen, Skanderborg, Denmark) with instant adhesive (Renfert, Hilzingen, Germany) and placed in a 121 

cell chamber (AttofluorTM; ThermoFisher Scientific, Waltham, USA) with cutouts milled in-house to 122 

accommodate the inlets. Finally, the syringe was mounted in a pump (TSE Systems 540060, Bad 123 

Homburg, Germany) and the cell chamber was placed in an adapter seated in a microscope heating stage 124 

(Heating Insert P Lab-TekTM, PeCon, Germany).. 125 

 126 
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2.4 Ratiometric pH measurements. The calibration of the ratiometric dye is described elsewhere 127 

(Schlafer et al. 2011). Briefly, buffered solutions of C-SNARF-4, adjusted to pH 4.5-8 in steps of 0.1 pH 128 

units, were imaged with a confocal microscope (Zeiss LSM 510 META) at 37 °C. Fluorescence was 129 

excited at 543 nm and detected from 576-608 nm (green channel) and 629-661 nm (red channel). After 130 

background subtraction, the ratios of the emissions in the two channels were plotted against pH and fitted 131 

to a calibration curve. For pH measurements in dental biofilms, images were acquired using the same 132 

microscope settings as during calibration. Image size: 364 x 364 pixels; pixel dwell time: 18.03 µsec; 133 

optical slice: 1.6 µm (2 Airy Units). At the beginning of an experiment, the medium was pumped into 134 

the flow-cell and three microscopic fields of view (FOV) were chosen at random. The distance from the 135 

biofilm top to the coverslip was measured to calculate the average cross sectional flow area. After 15 136 

(t15) and 30(t30) min of static incubation with sucrose, images were acquired in two layers of each FOV, 137 

5 µm from the top and bottom of the biofilm. Then the flow was turned on at a rate of 5 mm/min, which 138 

corresponds to the velocity of stimulated saliva in the oral cavity (Dawes and Dibdin 1986). Again, 139 

images were acquired 5 µm from the biofilm top and bottom, after 15 (t45) and 30 min (t60) of dynamic 140 

incubation. Background images with the laser turned off were taken regularly to correct for detector 141 

offset. The experiments were carried out in biological triplicates.  142 

 143 

2.5 Digital image analysis. For calculation of extracellular pH, the red and green channel images were 144 

exported separately as TIF files. Background fluorescence  was subtracted in ImageJ (Schneider et al. 145 

2012), and  the mean filter (pixel radius 1) was applied to compensate for detector noise. The brightest 146 

image of each layer in a FOV, typically the green channel image acquired at t2, was segmented with a 147 

manually chosen intensity threshold that identified extracellular areas and excluded all bacteria. The 148 

selection was then converted to a region of interest (ROI) and transferred to all other images of the same 149 
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layer and FOV. Green channel images were divided by the corresponding red channel images resulting 150 

in a fluorescence ratio and a SD. Then, the ratios were converted to pH values according to equation (1): 151 

 ln � 1.61
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−0.0937

− 1� ∗ 0.397 + 6.12.  152 

 153 

3. Results 154 

 155 

The flow-cells consist of an inlet, an outlet and a well-defined insert to fit in situ-grown biofilm samples. 156 

The x, y and z dimensions of the insert can easily be adjusted in the design software to match samples 157 

with different geometry. For the present work, a size of 4.2 x 4.05 x 1.6 mm was chosen to accommodate 158 

the glass slabs used for biofilm growth (Fig.1). The bottom of the insert was left open, such that it turned 159 

into a viewing window for microscopy when sealed with a coverslip. Sample and chamber size resulted 160 

in a vertical flow space of 100 µm, which corresponds to the thickness of the saliva film in the mouth 161 

(Dawes et al. 1989). To avoid a sudden increase in resistance, inlet and outlet were designed to narrow 162 

down towards the insert, until reaching the same dimensions as the flow space. While the size of the glass 163 

slabs or any other carrier for biofilm growth can be standardized, the biofilm thickness may vary. We 164 

therefore measured the exact distance between the biofilm surface and the coverslip experimentally under 165 

the microscope to determine the cross sectional flow area and calculated the volumetric flow rate.  166 

The flow-cells were printed as one-piece disposable models. Each print job took approximately one hour 167 

and yielded 20 flow-cells. If the flow-cells were nested on the printer basis as a stack, up to 150 flow-168 

cells could be produced in one print job (Fig. 2). An optimal placement of flow-cells resulted in a material 169 

cost of approximately 0.7 euro per flow-cell printed with a precision of ±25µm (Voco).  170 
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As a proof of principle, we studied the impact of flow on pH developments inside in situ grown dental 171 

biofilms. Although all three examined biofilms derived from the same subject, their acidogenic potential 172 

differed markedly. After 15min of static incubation, average pH ranged from 6.1 to 6.9. After 30 min of 173 

static incubation, those differences had increased, with averages ranging from pH 5.7 to 6.9. Irrespective 174 

of the acidogenic potential of the biofilms, pH differed between individual FOV inside each biofilm, 175 

which confirms the presence of distinct microenvironments.  The onset of flow had a dramatic impact on 176 

biofilm pH. In all three biofilms, average pH after was raised considerably after 15 min of flow, and the 177 

previously observed large differences in average pH had levelled out (range: 7.3 - 7.6). After 30 min of 178 

flow, average pH remained slightly alkaline in all biofilms, but still lower than the pH of the flow medium 179 

(typically 8.2). Likewise, differences between FOV inside the same biofilm were still present (Fig.3). 180 

Fig. 4 shows the pH development over time in a highly acidogenic FOV. Interestingly, flow had an 181 

impact on vertical pH gradients inside the biofilms, although they were very thin (25-35 µm). Under 182 

static conditions, pH tended to be lower in the top layer of the biofilms, in those biofilms that had a 183 

substantial acid production. With the onset of flow, the gradients were reversed, leaving the bottom layer 184 

more acidic than the top (Table 1). 185 

 186 

Table 1 187 

pH differences between top and bottom of the biofilm  188 

Replicate ΔpH (t15); [SD] ΔpH (t30); [SD] ΔpH (t45); [SD] ΔpH (t60); [SD] 

1 -0.24; [0.1] -0.26; [0.06] 0.35; [0.21] 0.43; [0.07] 

2 0.20; [0.11] 0.17; [0.07] 0.36; [0.3] 0.45; [0.26] 

3 -0.07; [0.1] -0.25; [0.16] 0.14; [0.01] 0.23; [0.17] 
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The effect of flow on vertical pH gradients in in situ-grown dental biofilms. For each replicate biofilm, 189 

the difference between pH at the biofilm top and bottom (ΔpH) is shown after 15 min (t15) and 30 min 190 

(t30) of static incubation with sucrose, as well as after 15 min (t45) and 30 min (t60) of dynamic incubation 191 

(5 mm/min). Under dynamic conditions, pH at the biofilm bottom became lower than pH at the biofilm 192 

top (ΔpH>0). 193 

 194 

4. Discussion 195 

 196 

The present work describes the development of an inexpensive 3D-printed microfluidic flow-cell with 197 

adaptable geometry, which allows studying in situ grown biofilm samples under shear-controlled 198 

conditions. We demonstrated the dramatic impact of medium flow on metabolic processes in dental 199 

biofilms by comparing pH developments in in situ grown dental biofilms under static and dynamic 200 

conditions. 201 

There is a strong need to expand research on in situ grown biofilms, since processes observed in mono-202 

species or even multi-species laboratory biofilms cannot be readily extrapolated to a clinical context 203 

(Malone et al. 2017). Mimicking the flow conditions of those real-life situations proves difficult, as there 204 

is a lack of microfluidic flow devices able to shear-control and that can be adjusted to a particular sample 205 

geometry (Rath et al. 2017; Klug et al. 2016; Duckworth et al. 2018). In fact, the present research was 206 

prompted by our fruitless efforts to establish a controlled flow across in situ-grown dental biofilm 207 

samples using a commercially available perfusion chamber (Warner instruments, Hamden, USA). With 208 

our newly developed 3D printed flow-cell, many of the limitations of conventional flow chambers can 209 

be overcome. Whatever the size of the biofilm sample in question, the geometry of the flow chamber can 210 
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be adapted accordingly in the design software and the flow space can be chosen to match in situ 211 

conditions. With a known cross-sectional flow area, the flow velocity and the resulting shear force can 212 

then be calculated precisely for a given volumetric flow rate (Young et al.) when small diameter tubings 213 

are used, the flow-cell runs on minute amounts of liquid, which reduces the cost of long-term experiments 214 

with expensive fluorescent dyes. In the present study, typical volumetric flow rates used to mimic saliva 215 

flow were in the range of 2.0 µl/min. With a material price of less than one Euro and an increasing 216 

availability of 3D printers, the use of custom-made flow-cells may soon become more widespread in 217 

microbiological applications. 218 

Compared to static setups, experiments involving flow are more laborious and require a higher amount 219 

of dexterity. In the present study, the most intricate experimental steps were the placement of the glass 220 

slab inside the flow-cell without touching the biofilm on the surface, as well as the sealing of the flow-221 

cell to the coverslip. While microfluidic devices may be particularly sensitive to clogging, it proved to 222 

be no problem for the present work, despite the use of a rather viscous flow medium. Likewise, the 223 

formation of bubbles was very limited, and we conducted all experiments without a bubble trap.   224 

The printer used for additive manufacturing of the flow cells operated with a precision of ±25 µm (Voco). 225 

Hence, there was a certain variation in the flow space below the biofilm, after assembly of the cells. We 226 

therefore measured the distance between biofilm and cover slip with the help of the microscope for each 227 

sample, before starting the flow, and adjusted the volumetric flow rate accordingly. In some instances, 228 

the distance exceeded the working length of the objective, and the flow-cell had to be discarded. 229 

The use of confocal microscopy for analysis of the biofilm samples entails a couple of limitations. First, 230 

the penetration depth of the laser beam into a fluorescently labelled sample does typically not exceed 100 231 

µm, which precludes the analysis of thick biofilms. Second, the flow space between cover glass and 232 

biofilm increases the distance between objective and sample. If high magnifications are required for 233 
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analysis, as is the case for pH ratiometry, the vertical dimension may exceed the working distance of the 234 

employed objective. Finally, the increased distance between objective and biofilm reduces the contrast 235 

between cells and background, in particular if a dye like C-SNARF-4 is used that does not only target 236 

bacteria, but also stains the flow space. Hence, the current setup was close to the limit of feasibility 237 

for ratiometric pH analysis with C-SNARF-4. For other applications, like studying the effect of 238 

shear on biofilm deformation or disruption, the flow-cell setup may be less challenging.   239 

Compared to previous work, the experimental setup of the present study mimics in situ-conditions more 240 

accurately (Schlafer et al. 2015; Schlafer and Dige 2016; Schlafer et al. 2011), providing a flow velocity 241 

and film thickness that match those present in the oral cavity (Dawes and Dibdin 1986; Dawes et al. 242 

1989). Moreover, freshly collected saliva was used as the flow medium and all experiments were carried 243 

out at a physiological temperature.   244 

The data demonstrate that 96-h smooth surface biofilms, collected from a caries-inactive volunteer, are 245 

not able to maintain acidic microenvironments under conditions of stimulated saliva flow, despite the 246 

continuous presence of sucrose. This finding is well in line with the results of Imfeld, whose telemetric 247 

experiments in healthy volunteers showed that plaque pH does not drop to critical values during the 248 

chewing of sugar-containing toffees (Imfeld 1983). With the help of pH ratiometry, we demonstrated 249 

that horizontal pH gradients inside biofilms, which have previously been observed under static conditions 250 

(Dige et al. 2016), persist after the onset of flow. Moreover, we showed that flow has a considerable 251 

impact on vertical pH gradients inside thin (25-35 µm) in situ-grown biofilms. The constant flow of a 252 

slightly alkaline saliva medium affects pH in the top layers of the biofilms more than in bottom layers. 253 

Hence, our findings corroborate the results of a previous study conducted on a five-species laboratory 254 

model of dental biofilm (Schlafer et al. 2018). Future experiments will investigate the effect of different 255 

flow rates on pH in biofilms of different age in a larger subject group and contribute to our understanding 256 
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of the caries process.  In conclusion, the newly designed microfluidic flow cell proves to be a valuable 257 

tool for microscopy analyses of in situ-grown biofilm samples under flow conditions.  258 

 259 

Figure 1. Computer design and 3D-printed flow-cell. A1, B1) The flow-cell model in the design 260 

software. The flow-cells consist of an inlet, a bottomless viewing chamber and an outlet. The entrance to 261 

the viewing chamber is designed with a funnel shape to ensure fluid flow across the entire sample. A2, 262 

B2) The flow-cell after 3D print. Flow-cells are printed with a precision of ±25 µm. The supporting 263 

material has been removed manually with rotating instruments. Bars = 4 mm. 264 

 265 

Figure 2. Addition of support material and nesting of the flow-cell in the printer software. The 266 

printer software identifies the areas of the flow cell that need support material to maintain the connection 267 

to the print basis, areas shown in red (A). The support material is added automatically (B) and the flow-268 

cells are nested on the printer basis (C, D). Bars = 4 mm 269 

 270 

Figure 3. pH developments inside dental biofilms under static and flow conditions. pH was 271 

monitored ratiometrically in three replicate biofilms (A, B and C) for 60 min after exposure to sucrose. 272 

After 30 min of static incubation, the biofilms were exposed to a flow rate of 5 mm/min, corresponding 273 

to stimulated saliva flow in the oral cavity (arrows). Each line shows the pH development in one 274 

microscopic field of view (FOV). Measurements from the biofilm surface are displayed in black, 275 

recordings from the biofilm bottom in grey. Under static conditions, pH dropped in all biofilms, although 276 

at different rates in different biofilms and FOV. pH at the surface was lower than pH at the biofilm 277 

bottom. With the onset of flow, the pH rose to neutral or slightly alkaline values in all biofilms. Vertical 278 

pH gradients were reversed, whereas horizontal gradients inside the biofilms persisted. Error bars = SD. 279 
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 280 

Figure 4. Color visualization of extracellular pH in one microscopic field of view of a dental biofilm. 281 

Panel A) shows the biofilm stained with C-SNARF-4, prior to the removal of the bacteria. The contrast 282 

between bacterial cells (bright) and biofilm matrix (dark) is sufficient for subsequent image analysis. In 283 

panels B, C, D and E, the cells were removed, pH in the extracellular space was calculated and false 284 

coloring was applied to visualize pH levels. Under static conditions, average pH in the FOV dropped to 285 

6.53 after 15 min (B) and to 5.35 after 30 min (C). After 15 min and 30 min of flow, average pH in the 286 

FOV rose to slightly alkaline values (15 min: 7.17; 30 min 7.1). Bars = 20 µm. 287 
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