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SUMMARY: 
We present a protocol for the millifluidic continuous culture device (MCCD), which allows the cultivation of bacterial populations under constant low-nutrient conditions (down to hundreds of nanomolar concentrations) or temporal nutrient fluctuations on a minute timescale.

ABSTRACT:
Microbial habitats in nature are often characterized by low concentrations of mixed nutrients, spatial heterogeneity, and temporal fluctuations. However, traditional laboratory culturing methods fail to replicate these conditions. Batch cultures cannot sustain growth in low-nutrient environments, while chemostats maintain steady-state growth with a single limiting nutrient but are challenging to implement when the goal is to maintain defined low concentrations of nutrient mixtures or to introduce rapid fluctuations. Microfluidic systems generate dynamic environments but yield insufficient biomass for population-level omic analyses. To address these limitations, we introduce the millifluidic continuous culture device (MCCD), a versatile platform for studying microbial responses to stable and fluctuating nutrient conditions. The MCCD houses bacterial populations inside a Sterivex filter (0.45 µm polyvinylidene fluoride [PVDF]), where a continuous flow of media sustains stable culture conditions while preventing nutrient depletion. A three-way solenoid valve system, controlled via custom Matlab software, enables precise, minute-scale nutrient fluctuations. This protocol provides a step-by-step guide to operating the MCCD in two modes: (1) constant low-nutrient conditions and (2) fluctuating-nutrient conditions. Using this system, Escherichia coli grew exponentially in a mixture of amino acids and nucleobases present at tens to hundreds of nanomolar concentrations, reaching cell concentrations on the order of 109 cells/mL. By recreating key features of natural microbial habitats, the MCCD enables the study of bacterial growth and physiology under controlled yet ecologically relevant conditions in E. coli and other microbial species.

INTRODUCTION
 Bacteria in natural habitats encounter a nutrient landscape that often varies in both composition and concentration and can fluctuate across a broad range of timescales1–4. In environments such as the ocean5, soil3, and gut6, microbial growth is frequently constrained by one or more essential nutrients, and nutrient availability can change due to physical, chemical, and biological processes4. These nutrient mixtures and their fluctuations drive microbial strategies for survival and growth, shaping responses across different levels of biological organization4.

Microbial adaptations to nutrient dynamics occur at the community, population, and single-cell levels. At the community level, fluctuations can promote species coexistence7, coordinate community composition and metabolic activity with temporal variation8, and create opportunities for new species to colonize9. At the population level, changing nutrient conditions can accelerate evolution by selecting for genetic changes10 or induce phenotypic variability, including bet-hedging strategies11, that improve survival under unpredictable conditions. At the single-cell level, bacteria adjust their physiology in response to the nutrient environment12,13. One recently reported example is a specific physiology that confers bacteria a growth advantage under fluctuating conditions14. Because bacteria frequently encounter nutrient limitation, studying how they respond to low and variable nutrient conditions—both as individual cells and within populations or communities— is essential for understanding their behavior in their natural environments.

Chemostats are well-suited for studying growth under limitation by a single nutrient, but are difficult to use when the goal is to control the concentrations of multiple nutrients in low-concentration mixtures. Chemostats have been valuable tools for studying bacterial adaptation to nutrient limitation by providing a well-controlled, steady environment. However, their operation inherently restricts them to conditions in which growth is limited by a single essential nutrient element. In a chemostat, the dilution rate is adjusted so that cellular growth balances the supply of one limiting nutrient, thereby fixing the growth rate rather than the concentrations of individual nutrients15. This framework does not readily generalize to environments containing mixtures of substitutable nutrients—such as multiple carbon sources—because the dilution rate controls only the overall growth rate, not the concentrations of each component in the medium16,17. As a result, the concentrations of individual nutrients and their co-utilization patterns emerge from microbial utilization rather than being externally prescribed16,17.

Additionally, while nutrient fluctuations can be induced in chemostats, rapid fluctuations or single shifts on the scale of minutes are difficult to achieve due to the typically large culture volumes. Microfluidic devices have emerged as powerful tools for creating precise low-concentration and fluctuating nutrient environments14. When paired with video microscopy, they enable measurement of single-cell growth. Although microfluidic systems permit quantification of the expression of selected proteins using fluorescent reporters, unlike chemostats, typical microfluidic devices are too small to produce the biomass needed for omic analyses, for example, to study the proteome of a bacterial population. To bridge this gap, we developed the millifluidic continuous culture device (MCCD).

The MCCD enables bacterial growth under controlled nutrient conditions, including constant low-nutrient conditions with minimal or no depletion, as well as fluctuating nutrient conditions, using a continuous flow culture system capable of generating sufficient biomass for downstream analyses. The MCCD uses a 0.45 µm PVDF filter as the culture vessel, in which medium is continuously replenished by a peristaltic pump delivering fresh medium from a reservoir (Figure 1A). The porous membrane of the filter retains bacteria while allowing a prescribed flow of nutrients, which prevents nutrient depletion even at low nutrient concentrations (hundreds of nanomolar to micromolar range). Because biomass is retained while fresh medium continuously flows through the device, the MCCD shares similarities with retentostats18, in which cells are retained while medium is renewed. However, the MCCD differs from classical retentostats in its architecture and mode of nutrient delivery. Retentostat typically operates as a stirred bulk reactor, where cells are suspended in a well-mixed culture volume. Under such conditions, nutrient availability depends on the balance between mixing, diffusion, and cellular uptake, and local depletion or gradients can arise, particularly at low nutrient concentrations and high cell densities. In contrast, in the MCCD, cells assemble directly on the membrane inside the small-volume Sterivex cartridge, forming layers only a few cells thick that are continuously exposed to flowing medium. No active mixing is imposed within the cartridge; instead, medium is homogenized upstream and delivered by continuous flow. Nutrients are supplied by convective transport through the thin cell layers, and because the diffusion distance is small and the flow rate is high, local nutrient gradients are minimized. As a result, the nutrient conditions experienced by the population are primarily determined by the composition of the incoming medium, enabling more consistent and well-defined low-nutrient conditions than can be ensured in stirred retention systems.

[Place Figure 1 here]

Additionally, the incorporation of a software-controlled, three-way solenoid valve upstream of the Sterivex filter enables the user to switch the medium flow between two media contained in different reservoirs (Figure 1B). As a result, the device can be used to study the response of bacteria to either a stable environment at a constant (including low concentration) nutrient condition or to nutrient fluctuations, with fluctuation timescales of several minutes or longer.

This protocol outlines the assembly and operation of the MCCD for studying bacteria under both low-nutrient and fluctuating-nutrient conditions. As an example, this protocol provides a step-by-step guide to conducting a growth experiment using Escherichia coli NCM3722 in two operating modes of the MCCD: constant low-nutrient conditions and fluctuating nutrient conditions. The MCCD setup can be readily adapted to other nutrient conditions and microbial species, making it a versatile platform for studying bacterial physiology under nutrient environments typical of those encountered in nature.

PROTOCOL:

1. Bacterial growth in constant nutrient conditions

NOTE: This protocol describes the procedure for performing a growth curve of E. coli NCM3722 in a very dilute Rich-Defined Medium ("low RDM") condition. This growth curve runs for 12 h, with one sample collected every 2 h (a total of 6 time points). The key principle of this protocol is that each time point corresponds to a single Sterivex filter  (henceforth referred to as a 0.45 µm PVDF filter). To collect a sample, the culture inside the filter is retrieved by centrifuging it upside down, the cell number is quantified, and the filter is discarded. Each  0.45 µm PVDF filter yields only one sample. Preparing the experiment requires the definition of three key experimental parameters: the flow rate of the peristaltic pump, the duration of the experiment, and the desired number of samples (i.e., the number of 0.45 µm PVDF filters). Set the initial flow rate to 2 mL/min. Adjust this parameter as needed (e.g., increase the flow rate to maintain the supply of a very dilute nutrient).

1.1. Preparation of medium and materials

NOTE: Since each filter corresponds to a single time point sample, the experimental runtime of each 0.45 µm PVDF filter varies depending on its collection time (e.g., 2 h for the first time point, 4 h for the second time point, and so on).

1.1.1. Estimate the required culture medium volume using the formula
, 
where n is the number of samples (0.45 µm PVDF filters), Q is the flow rate (in mL/min), and ti is the experimental runtime (in minutes) for each sample.

1.1.2. Multiply by 1.2 to include an additional 20% volume to account for flow-rate variation. For this example, calculate 


1.1.3. Round the calculated volume up (e.g., prepare 6,200 mL in this example).

1.1.4.  Prepare material for sterilization (see Table 1).

NOTE: Prepare and sterilize the materials the day before the experiment to ensure readiness and minimize delays. Autoclave these materials, except the one-way Luer valves; sterilize the valves with 70% ethanol.

1.1.4.1. Connect both ends of six silicone peristaltic tubes to "Male Luer to Barb" plastic fittings by inserting the Barb end of the fitting into the tubing. Cover the Male Luer ends with aluminum foil to prevent contamination.

NOTE: Six peristaltic tubes are prepared because the experiment uses six 0.45 µm PVDF filters. All tubes will later be mounted on the same peristaltic pump head so that all filters receive identical flow.

1.1.4.2. Place the tubing inside a closed, sterilizable container.

1.1.4.3. Place the vent filters inside a closed, sterilizable container.

1.1.4.4. Place the tubed bottle caps with silicone tubing that passes through the caps inside a closed, sterilizable container.

NOTE: The tubed bottle caps used in this protocol are equipped with three tubes that traverse the caps: two tubes of equal diameter for delivering medium to the 0.45 µm PVDF filters, and a third tube with a wider diameter. These tubes are securely attached to the caps and cannot be removed.

1.1.4.5. Submerge 12 one-way Luer check valves in a 70% ethanol solution and leave them overnight to sterilize.

NOTE: (PAUSE POINT) Sterilized materials can be stored submerged and sealed at room temperature for up to 24 h before the experiment. Before use, remove the valves from the ethanol and rinse with sterile ultra-pure water to remove residual ethanol. Alternatively, check valves can be 3D-printed using autoclavable materials to allow sterilization by autoclaving instead of ethanol treatment.

1.1.5. Autoclave the peristaltic tubing, vent filters, bottle caps, graduated cylinder, and bottles using standard labware settings.

1.1.6. Prepare 6,200 mL of low rich-defined media (RDM; see Table of Materials) by mixing the reagents listed in Table 2.

NOTE: Prepare the medium on the day of the experiment, during the approximately 5 h waiting period after starting the pre-culture (see step 1.2.1). This preserves medium freshness and minimizes contamination risk.

1.2. Preparation of a bacterial pre-culture

NOTE: Use a pre-culture in the exponential phase to start the experiment. During this phase, bacteria grow at a constant rate, synthesizing cell constituents in a balanced manner and dividing at a defined cell mass. Use exponential-phase cells to minimize variability and standardize the starting physiological state.

1.2.1. The day before the experiment, prepare an overnight (ON) culture as follows: Inoculate 3 mL of full RDM with a frozen glycerol stock of E. coli NCM3722 in a sterile 15 mL culture tube. Incubate the culture overnight (~16 h) at 37 °C with shaking at 200 rpm in a shaking incubator.

NOTE: (PAUSE POINT) Once the ON culture is in the incubator, no further steps are followed on this day. Resume the protocol the next day by proceeding to step 1.2.2. 

1.2.2. On the day of the experiment, prepare the pre-culture as follows: Add 6 µL of ON culture to 6 mL of full RDM. Divide equally into two 15 mL culture tubes and label the tubes as A and B. Incubate both tubes at 37 °C with shaking at 200 rpm.

NOTE: The pre-culture typically requires approximately 5 h to reach the exponential phase (OD600 ≈ 0.5). Use this period to prepare the fresh medium (see step 1.1.4). Do not proceed to step 1.2.3 until OD600 reaches approximately 0.5.

1.2.3. Monitor optical density (OD) at 600 nm using tube B. Proceed with the experiment when OD600 reaches approximately 0.5, indicating exponential growth in full RDM for E. coli NCM3722 (see section 1.4).

NOTE: Start the experiment with exponential-phase cells to improve reproducibility and standardize starting conditions.

1.3. Preparation of an experiment in the MCCD with constant nutrient conditions

NOTE: Perform steps 1.3.1 to 1.3.5 inside a sterile biosafety cabinet immediately after the pre-culture begins growing.

1.3.1. Allocate the total medium volume to each bottle.

NOTE: Use the bottles as medium reservoirs. Use bottle caps fitted with two medium-delivery tubes, with each tube delivering medium to one 0.45 µm PVDF filter. Allocate the total medium volume (prepared in step 1.1.4) among the bottles based on the amount required by each timepoint sample (i.e., each 0.45 µm PVDF filter) over the course of the experiment.

1.3.1.1. Use the formula provided in step 1.1.1 to determine the volume of medium needed for each 0.45 µm PVDF filter. For example, using the following terms:

The total medium volumes required for each time point, in chronological order, are 288, 576, 864, 1152, 1440, and 1728 mL.

1.3.1.2. Distribute the calculated medium volumes across bottles, grouping the volumes needed for two time points into a single bottle. For example: ~900 mL in one 1 L bottle (for time points 1 and 2), ~2,100 mL in one 2.5 L bottle (for time points 3 and 4), ~3200 mL of the medium in one 4 L bottle (for time points 5 and 6).

1.3.2. Seal each bottle with the tubed bottle caps (Figure 1C). Tighten the caps securely to prevent leaks.

1.3.3. Connect a 0.2 µm vent filter to the widest silicone tube extending from the tubed bottle cap (Figure 1C). This allows sterile air exchange during the experiment.

1.3.4. Attach one end of each peristaltic tube (with fittings already attached; see section 1.1.2 on material preparation) to the smaller-diameter silicone tubes extending from the tubed bottle caps (Figure 1C). Ensure secure connections to maintain sterility. Leave the aluminum foil cover on the free Male Luer lock fitting in place until the experiment begins to prevent contamination.

1.3.5. Place the bottles with their assembled tubing and the peristaltic pump into an incubator set to 37 °C. Secure the tubing into the channels of the peristaltic pump head.

NOTE: All peristaltic tubes are mounted on the same pump head of a single peristaltic pump, so that all 0.45 µm PVDF filters receive medium from the same pump. Using a single pump ensures that the flow rate is identical across filters and prevents variability that could arise from differences between pumps.

1.4. Protocol of an experiment in the MCCD with constant nutrient conditions

1.4.1. Dilute the pre-culture (OD = 0.5) 1:10 by adding 600 µL of pre-culture to 5.4 mL of fresh low RDM.

1.4.2. Using a 1 mL pipette, introduce 1 mL of the diluted pre-culture into each of the six 0.45 µm PVDF filters.

1.4.3. Rinse the one-way check valves with autoclaved ultrapure water and attach one to each end of each 0.45 µm PVDF filter.

1.4.4. Remove the aluminum foil covers from the peristaltic tubing fittings.

1.4.5. Connect each of the six 0.45 µm PVDF filters to a Male Luer fitting on the peristaltic tubing (Figure 1C).

1.4.6. Set the flow rate to 2 mL/min on the peristaltic pump and start the flow. Define this moment as time 0.

1.4.7. Place a waste receptacle below the 0.45 µm PVDF filters to collect the outflow. 

NOTE: Figure 2A shows the complete assembly of the experiment inside the incubator box.

[Place Figure 2 here]

1.5. Sample collection

1.5.1. After 2 h, unplug one of the two 0.45 µm PVDF filters connected to the 1 L bottle.

1.5.2. Unscrew the one-way check valves and place the 0.45 µm PVDF filter into a 50-mL centrifuge tube with the inlet facing downward.

1.5.3. Centrifuge the centrifuge tube containing the 0.45 µm PVDF filter at 2,000  g for 2 min.

1.5.4. Using a pipe cutter, apply gentle pressure to the plastic encasing at the end closest to the outlet to open the 0.45 µm PVDF filter.

NOTE: Disinfect the pipe cutter before use (e.g., by wiping with 70% ethanol) to avoid contamination when opening the 0.45 µm PVDF filter.

1.5.5. Release the inner cylinder containing the porous membrane and discard the section of the filter that holds the membrane.

1.5.6. Rinse the inner walls of the 0.45 µm PVDF filter encasing (those perpendicular to the flow direction) with the culture medium collected in the centrifuge tube. 

NOTE: This step ensures that any cells trapped on the walls during centrifugation are collected.

1.5.7. Measure the total volume collected using a 5 mL serological pipette.

1.5.8. At subsequent time points (4 h, 6 h, 8 h, 10 h, and 12 h), unplug the corresponding 0.45 µm PVDF filters and repeat steps 1.5.2–1.5.6. Follow this specific order:

1.5.8.1. At 4 h, unplug the second 0.45 µm PVDF filter connected to the 1 L bottle.

1.5.8.2. At 6 h and 8 h, unplug the 0.45 µm PVDF filters connected to the 2.5 L bottle.

1.5.8.3. At 10 h and 12 h, unplug the 0.45 µm PVDF filters connected to the 4 L bottle.

NOTE: Follow this order to match sampling time points to the medium volumes distributed in step 1.3.1.

1.6. Downstream analyses

1.6.1. Take three 100 µL aliquots from each sample and fix with glutaraldehyde to a final concentration of 1.5%.

CAUTION: Glutaraldehyde is toxic, a strong irritant, and a potential sensitizer. Handle inside a chemical fume hood while wearing appropriate personal protective equipment (lab coat, nitrile gloves, and safety glasses). Avoid skin contact and inhalation. Dispose of glutaraldehyde-containing waste according to institutional hazardous chemical waste regulations.

1.6.2. Use the fixed samples to count the number of cells per microliter with flow cytometry after labeling with a fluorescent DNA dye.

CAUTION: Fluorescent DNA dyes may be mutagenic. Wear gloves and dispose of dye-containing waste according to institutional biosafety regulations.

NOTE: As an alternative to DNA staining and flow cytometry, cell densities can be estimated by plating a small volume of the sample on rich-medium agar plates (e.g., LB agar) and counting colony-forming units (CFUs). 

1.6.3. Multiply the cell number per microliter by the total volume measured in step 1.5.6 to calculate the total number of cells contained within the 0.45 µm PVDF filter.

1.6.4. Centrifuge the remaining volume in 1.5-mL microcentrifuge tubes at 10,000  g for 4 min.

1.6.5. Remove the supernatant.

1.6.6. Store the pellets of cells at -80 °C for future analyses (e.g., transcriptomics).

2. Bacterial growth in fluctuating-nutrient conditions

2.1. Assembly of a controller for a solenoid valve

NOTE: Control the three-way solenoid valve using a microcontroller-based switching circuit connected to a computer running a custom graphical user interface (GUI) developed in MATLAB.

2.1.1. Assemble the solenoid valve control circuit (Figure 3A).

[Place Figure 3 here]

2.1.1.1. Connect a digital output pin of the microcontroller to the base of an NPN transistor through a 1 kΩ resistor.

2.1.1.2. Connect the collector of the transistor to the negative terminal of the solenoid valve.

2.1.1.3. Connect the emitter of the transistor to ground.

2.1.1.4. Connect the positive terminal of the solenoid valve to an external DC power supply compatible with the valve voltage.

2.1.1.5. Place a diode across the solenoid terminals. Connect the striped side of the diode to the positive supply line.

NOTE: The diode suppresses voltage spikes generated when the solenoid is switched off.

2.1.2. Attach plastic "Threaded to Hose Barb" fittings to the solenoid valves, ensuring the Barb end extends outward.

2.1.3. Install MATLAB R2022b or later on a computer with USB connectivity.

2.1.4. Install the MATLAB support package required for serial communication with microcontroller hardware.

2.1.5. Connect the microcontroller board to the computer using a USB cable to establish serial communication.

2.1.6. Open the MATLAB-based GUI used to generate fluctuating nutrient conditions in the MCCD (available in the link https://github.com/juanitaLara/MCCD).

2.1.7. Verify the connection between the solenoid valves and the MATLAB GUI platform:

2.1.7.1. Open the GUI platform in Matlab and click on the Connect button (Figure 3B). Wait until the message Controller connected successfully appears in the command window.

2.1.7.2. Input a value for the time step (e.g., 5 s for the High and Low phases) under the Automated operation panel.

2.1.7.3. Observe the solenoid valves and listen for the click sound they produce during switching between the two media.

2.1.7.4. Using a watch, confirm that the solenoid valves switch exactly at the specified interval (e.g., every 5 s).

NOTE: Perform this verification before each experiment to confirm communication and correct valve switching. (PAUSE POINT) After verifying solenoid valve operation, the system can remain assembled inside the incubator for several hours before starting the experiment.

2.2. Preparation of media and materials

NOTE: This protocol involves alternating nutrient conditions between low and high RDM with a period of 1 h (30 min in high RDM followed by 30 min in low RDM). The experiment runs for three h of fluctuations, with two samples collected: (1) At 3 h 1 min (high RDM phase, immediately after switching from low to high), and (2) at 3 h 31 min (low RDM phase, immediately after switching from high to low).

2.2.1. Estimate the required culture media volumes by experimental phases. 

2.2.1.1. First, calculate the volumes required for the first 3 h (three full fluctuation periods):





2.2.1.2. Calculate the volume required for the final 30 min phase:



2.2.1.3. Round the volumes to convenient values (e.g., 500 mL of low RDM and 600 mL of high RDM).

2.2.2. Prepare materials for autoclave sterilization (see Table 3) by following steps 1.1.2.1–1.1.2.4.

NOTE: Prepare and sterilize the materials the day before the experiment to ensure readiness and minimize delays on the experiment day (steps 2.2.3 and 2.2.4). This setup, in comparison with the constant-nutrient experiments, requires additional tubing to connect media bottles directly to the solenoid valve (Figure 1B,D). These tubes require only one "Barb to Male Luer" fitting, as the solenoid valve fittings are pre-assembled. Cover the ends of these tubes with aluminum foil before autoclaving.

2.2.3. Sterilize the prepared peristaltic tubing, vent filters, caps, graduated cylinder, and bottles in an autoclave.

2.2.4. Submerge 4 one-way Luer check valves in a 70% ethanol solution and leave them overnight to sterilize.

NOTE: (PAUSE POINT) Sterilized check valves can remain submerged in ethanol overnight and stored sealed at room temperature for up to 24 h. Before use, rinse the valves with sterile Milli-Q water.

2.2.5. Clean and sterilize the solenoid valves by flushing them with 70% ethanol 3–5 times, followed by ultrapure water 3–5 times.

2.2.6. On the day of the experiment, during the approximately 5-h waiting period after pre-culture preparation (see step 2.3), prepare 500 mL of low RDM and 600 mL of high RDM by mixing the reagents listed in Table 4.

NOTE: Preparing the media on the day of the experiment ensures freshness and minimizes contamination risks.

2.3. Preparation of a bacterial pre-culture

2.3.1. Follow the steps described in step 1.2.

2.4. Preparation of an experiment in the MCCD with fluctuating-nutrient conditions

NOTE: Perform steps 2.3.1–2.3.4 inside a sterile biosafety cabinet immediately after the pre-culture begins growing.

2.4.1. Place each medium into a 1 L bottle.

2.4.2. Seal the bottles with the pre-assembled caps fitted with three ports and pre-installed silicone tubing. Tighten the caps securely to prevent leaks.

2.4.3. Connect a 0.2 µm vent filter to the wide silicone tube extending from one of the ports on each bottle cap. 

2.4.4. Connect the "inlet tubing" (shown in Figure 1D) to the silicone tubes extending from the tubed bottle caps before connecting it to the solenoid valves:

2.4.4.1. Attach one end of the silicone tube (with only one attached fitting) to the tubing extending from the low RDM bottle cap. 

2.4.4.2. Leave the aluminum foil cover on the free Male Luer lock fitting until the bottles are taken to the incubator to prevent contamination.

2.4.4.3. Repeat step 2.3.4.1 for the high RDM bottle.

2.4.5. Place the bottles with their assembled "inlet tubing", the peristaltic pump, and the solenoid valves with the controller inside an incubator set to 37 °C.

2.4.6. Connect the "inlet tubing" (attached in step 2.4.4) to the inlets of the solenoid valves in the following way: 

2.4.6.1. Connect the two tubes from the low RDM bottle to one of the two inlets in each solenoid valve (tubes labeled with blue tape in Figure 1D).

2.4.6.2. Connect the two tubes from the high RDM bottle to one of the two inlets in each solenoid valve (tubes labeled with red tape in Figure 1D).

2.4.7. Connect a peristaltic pump-compatible silicone tube (with only one fitting) to the outlet of each solenoid valve (Figure 1D). Leave the aluminum foil cover on the free Male Luer lock fitting until the experiment begins to maintain sterility.

2.5. Protocol of an experiment in the MCCD with fluctuating-nutrient conditions

2.5.1. Verify the connection between the solenoid valves and the Matlab software by performing step 2.1.3.

2.5.2. Input the desired time step values for the fluctuations into the Matlab GUI platform: Enter time steps of 1800 s in High RDM (30 min) and 1800 s in Low RDM (30 min). 

2.5.3. Select Low under the Start from menu to begin in the Low RDM condition (Figure 3).

2.5.4. Seed the two 0.45 µm PVDF filters as described in step 1.4.

2.5.5. Start the experiment. 

NOTE: Figure 2B depicts the complete fluidic assembly for this experiment.

2.6. Sample collection

2.6.1. Collect samples as in step 1.5. Harvest the first  0.45 µm PVDF filter at 3 h 1 min and the second at 3 h 31 min.

NOTE: Unplug either filter first; both filters are fed by the same media.

2.7. Downstream analyses

2.7.1. Follow the steps described in step 1.6 to count the number of cells via flow cytometry and to process and store samples for downstream analyses (e.g., transcriptomics).

REPRESENTATIVE RESULTS:
In this study, we used the MCCD to quantify the growth rate of E. coli NCM3722 under constant low-nutrient conditions at three RDM concentrations. These concentrations were derived from the rich-defined medium (RDM) formula described by Neidhardt19, with the amino acid and nucleobase supplements diluted to 0.5%, 0.25%, and 0.01% of the original formulation, respectively.

Replicate growth experiments were performed in each medium to quantify growth rates. For the 0.5% RDM and 0.25% RDM conditions, we conducted three replicate experiments, each using four Sterivex filters, sampled at 2 h, 3 h, 4 h, and 5 h. Because cells grew more slowly in the 0.01% RDM condition, the experimental duration was extended to 12 h, with six 0.45 µm PVDF filters, sampled every 2 h. We conducted two replicate experiments under the 0.1% RDM condition.

Cell numbers at each time point were quantified by harvesting cells from the 0.45 µm PVDF filters via centrifugation, staining with a fluorescent DNA dye, and analyzing samples by flow cytometry. Cell concentrations were determined from forward scatter, side scatter, and fluorescence signals, and multiplied by the measured sample volume to obtain total cell counts.

The results (Figure 4A–C) show that log10-transformed cell counts follow linear trajectories over time, indicating exponential growth in all conditions. Sustained exponential growth demonstrates that nutrient supply from the flowing medium exceeds the biomass demand of the population, and therefore that cells experience constant nutrient conditions despite low external concentrations. From these growth curves, we determined growth rates of 0.88 ± 0.03 h-1, 0.64 ± 0.06 h-1, and 0.18 ± 0.002 h-1 for the 0.5%, 0.25%, and 0.01% RDM conditions, respectively. Cell counts reached up to 109 cells per sample, demonstrating that the MCCD supports both exponential growth and high biomass yield at nanomolar to micromolar nutrient concentrations.

The linearity of log-transformed cell counts provides a practical diagnostic of successful operation. Deviations from linearity—specifically, downward curvature at later time points—indicate that nutrient supply has become insufficient to sustain biomass production. Such deviations reflect an imbalance between cell numbers, nutrient concentration, and flow rate. In practice, exponential growth can be achieved by systematically adjusting these parameters in successive experiments, for example, by increasing the flow rate to enhance nutrient supply or reducing cell numbers to decrease nutrient demand.

In a second set of experiments, cells were grown for 5 h in 0.5% RDM or 12 h in 0.01% RDM, fixed with glutaraldehyde and formaldehyde, and analyzed by scanning electron microscopy (SEM). Cells grown in 0.5% RDM had a mean length of 1.8 ± 0.3 µm (n = 217), whereas cells grown in 0.01% RDM had a mean length of 1.1 ± 0.28 µm (n = 225) (Figure 4D,E). These results demonstrate that the MCCD supports distinct physiological states under different nutrient conditions12, as reflected in both growth rate and cell size.

[Place Figure 4 here]

FIGURE AND TABLE LEGENDS:
Figure 1: The millifluidic continuous culture device (MCCD) for bacterial culture under low-concentration or fluctuating nutrient conditions. (A) Schematic of the MCCD for constant nutrient conditions. A peristaltic pump drives the flow of fresh medium from a reservoir through a 0.45 µm PVDF filter containing bacterial cells. The porous membrane in the filter retains the bacteria while allowing medium to pass through. Continuous medium flow maintains constant nutrient conditions inside the filter, even at very low nutrient concentrations. (B) Schematic of the MCCD for fluctuating nutrient conditions. A software-controlled three-way solenoid valve upstream of the peristaltic pump alternates medium inflow between two reservoirs (e.g., high-nutrient concentration, CHigh, and low-nutrient concentration, CLow). The software controls the valve's plunger position to determine the active inflow source. (C) Fluidic assembly for constant nutrient conditions. A cap with three silicone tubes that traverse it seals the bottle containing fresh medium. One tube connects to a vent filter for aeration, while the other two carry medium to the filters. Barb-to-Male Luer fittings connect these tubes to the peristaltic tubing, and connect each peristaltic tube to a one-way check valve, serving as the entry point to the filter. The filter outlet is also fitted with a one-way check valve. The image shows two samples, each contained in one filter. (D) Fluidic assembly for fluctuating nutrient conditions. The metal platform houses the microcontroller and electronic components controlling two solenoid valves via custom MATLAB software. Threaded-to-Barb fittings connect both the inlets and outlets of the solenoid valves to the tubing. Each valve has two inlets for the two alternate media, here a high-nutrient concentration medium, CHigh, red-labeled tubes, and a low-nutrient concentration medium, CLow, blue-labeled tubes. The media are contained within capped bottles with a vent filter, as in (C). The outlets from the solenoid valves connect to the filters via peristaltic tubing, as in the steady-state assembly (C). The image shows two samples, each contained in one filter.

Figure 2: Experimental assembly of the MCCD. (A) Photograph of the MCCD setup for constant nutrient conditions. The setup is housed in an incubator box to maintain a constant temperature, with a waste receptacle collecting the flow-through medium. (B) Photograph of the MCCD setup for fluctuating nutrient conditions. The bottle labeled with red tape contains a high-nutrient concentration medium (CHigh), while the bottle labeled with blue tape contains a low-nutrient concentration medium (CLow). The metal platform in the center supports the components that control nutrient fluctuations, corresponding to those described in Figure 1D.

Figure 3: Controller of the solenoid valves to impose nutrient fluctuations. (A) Wiring diagram of the electronic circuit used to control the solenoid valve. The circuit consists of a microcontroller board, a transistor used as a switching element, a resistor connected to the transistor base, and a flyback diode placed across the solenoid valve to protect the circuit from voltage spikes generated during valve switching. The microcontroller controls the transistor, which in turn switches the power supplied to the solenoid valve. Adapted with permission from ref. 20 . (B) After connecting the microcontroller board to both the computer running the GUI and a power source with the voltage required by the solenoid valves, communication is established by clicking the Connect button. The valves can be operated manually using the Manual Operation panel, where the user selects the medium to be flown (e.g., "High" or "Low"). Alternatively, the Automated Operation panel allows the user to specify the initial medium and the time steps (in seconds) for each phase (High and Low), and to start the operation by clicking the Start button. The Real-time Monitor displays a step function (0 = Low, 1 = High) over time, indicating which medium was flowing through the solenoid valves to the filters over the preceding seconds.

Figure 4: Growth characterization of E. coli NCM3722 under three steady-state nutrient conditions. (A–C) Growth curves of E. coli cells grown under three RDM concentrations: 0.5% RDM (A), 0.25% (B), and 0.01% (C). The plot shows growth curves (log10 counts fitted by a linear model) for three biological replicates for 0.5% RDM and 0.25% RDM conditions (four time points per curve) and two biological replicates for the 0.01% condition (six time points per curve). For each time point, cells were counted by flow cytometry for three samples to obtain technical replicate measurements per time point. Each plotted point represents one measurement used to construct the growth curve for a given biological replicate. Points indicate the timepoint measurements, solid lines indicate the linear model fitted to the measured data, and dashed lines represent extrapolated growth trajectories over the range of 0 to 12.5 h. The mean specific growth rate derived from the fitted curves is displayed in the bottom right corner of each plot. (D,E) SEM images of E. coli cells grown in the MCCD under 0.5% RDM (A) and 0.01% RDM (B) nutrient conditions. Scale bars = 2 µm; inset scale bars = 1 µm.

Figure 5: Characterization of the MCCD. (A) Exchange of liquid inside the filter measured using a tracer dye. Water in the Sterivex chamber was replaced with water containing food coloring, and optical absorbance at 510 nm was recorded over time. The signal was normalized between the initial and final absorbance values. Horizontal dashed lines indicate 5% (lower) and 95% (upper) of the normalized signal. Vertical dashed lines indicate the corresponding time points at which these thresholds were reached. The exchange time was defined as the interval between the 5% and 95% thresholds (220 s). (B) Internal fluid pressure inside the filter as a function of flow rate estimated using a numerical model of fluid flow implemented in COMSOL Multiphysics.

Table 1: Components to autoclave for the constant-nutrient experiment. See step 1.1.2 for a step-by-step guide to the preparation of these materials.

Table 2: Low RDM recipe for the constant-nutrient experiment. All reagents, except ultrapure water, were sourced from the MOPS EZ Rich Defined Medium Kit (see Table of Materials).

Table 3: Components to autoclave for the fluctuating-nutrient experiment. See step 2.1.2 for a step-by-step guide to the preparation of these materials.

Table 4: Low and High RDM recipes for the fluctuating-nutrient experiment. All reagents, except ultrapure water, were sourced from the MOPS EZ Rich Defined Medium Kit (see Table of Materials).

DISCUSSION:
Bacterial culturing methods that capture the nutrient complexity of natural environments are essential for advancing the study of microbial physiology beyond simplified laboratory conditions. Natural ecosystems contain mixtures of nutrients spanning a wide concentration range, which often do not support maximal growth rates1,3,4,21–23. Moreover, nutrient availability can fluctuate over time, sometimes on timescales comparable to or shorter than bacterial generation times24. As a result, bacteria frequently encounter environments that are heterogeneous in both nutrient composition and temporal dynamics. The MCCD provides a platform to study bacterial responses under such conditions, which are difficult to reproduce using traditional cultivation approaches or most microfluidic systems. In this study, E. coli grew exponentially across three low-nutrient conditions, each supporting a distinct growth rate, and SEM imaging revealed corresponding differences in cell size, indicating distinct physiological states.

A central feature of the MCCD is its ability to support exponential growth at extremely low nutrient concentrations through continuous nutrient renewal. In our experiments, nutrient concentrations ranged from hundreds of nanomolar to single-digit micromolar levels—concentrations too low to sustain measurable exponential growth in traditional batch cultures. Despite this, the MCCD supported populations of up to approximately 109 cells/mL, corresponding to ~200 µg of cellular protein in a 2.5 mL culture volume, sufficient for LC-MS/MS proteomics workflows. This combination of low nutrient concentrations and high biomass yield is difficult to achieve with existing approaches. While microfluidic systems enable precise control of nutrient conditions, they typically yield insufficient biomass for omics analyses. The MCCD overcomes this limitation by combining continuous flow with a macroscale culture volume. Although cell retention differs from many natural environments, cells accumulate as a thin layer on the membrane, typically only a few cell layers thick, and remain directly exposed to continuously flowing medium. In this configuration, the extracellular environment is continuously renewed, resembling conditions in many natural habitats more closely than static batch cultures.

The MCCD also enables the generation of fluctuating nutrient environments. At a flow rate of 2 mL/min, the chamber volume (2.5 mL) would theoretically be replaced every 1.25 min. Experimentally, we measured an exchange time of approximately 3 min and 40 s using a tracer assay, corresponding to a roughly threefold increase over the theoretical estimate. This discrepancy likely reflects zones of reduced flow velocity and dead volumes within the Sterivex and associated tubing. Despite this difference, the exchange time remains short relative to the fluctuation periods used in this study (tens of minutes), indicating that imposed nutrient changes are effectively transmitted to the cell layer. However, the system is not suitable for generating fluctuations on timescales comparable to or shorter than the exchange time (i.e., below a few minutes at this flow rate). Faster fluctuations could be achieved by increasing the flow rate.

Flow rate is a key parameter that must be balanced against pressure within the system. Numerical simulations using COMSOL Multiphysics indicate that pressure inside the filter increases with flow rate (Figure 5). Because bacterial turgor pressure under hypo-osmotic shock ranges from approximately 4.5 psi to 45 psi (31–310 kPa)25, flow rates should be chosen to avoid exceeding this range. The simulations here suggest maintaining flow rates below ~50 mL/min under the conditions tested, although actual pressures may be higher if additional resistance is introduced by downstream tubing.

[Place Figure 5 here]

Experimental parameters should be adapted to the organism and medium, but a practical starting point is to use conditions similar to those used here, with an initial cell density of approximately 106 cells/mL and the same or a similar flow rate. Growth should then be monitored over time to assess whether cell abundance increases exponentially. If growth slows or deviates from exponential behavior, this indicates that nutrient supply may be insufficient relative to biomass demand. In that case, useful first adjustments include reducing the initial cell density, increasing the flow rate, and, when compatible with the experimental goal, increasing nutrient concentration. Once exponential growth is achieved, sampling frequency should be scaled to the organism's division time, with at least one sample per generation. During this characterization phase, metabolomic measurements of inflow and outflow can provide direct evidence for nutrient depletion.

During operation, gradual increases in flow resistance are expected as biomass accumulates on the membrane. In a flow-controlled system, this results in a slow, continuous increase in system pressure and does not, by itself, indicate failure. Mineral precipitation and biofilm formation are also typically gradual processes; however, once deposits locally restrict flow paths, they can lead to a rapid rise in pressure. Such processes can reduce the effective supply of nutrients to the population. We therefore recommend first establishing the expected baseline rate of pressure increase under stable operating conditions. Once suitable operating conditions have been established, pressure provides a practical diagnostic: gradual increases consistent with this baseline reflect normal biomass accumulation, whereas deviations from this trend (abrupt or accelerated increases) signal disruption of flow.

As with any cultivation system, the MCCD operates within defined practical limits. First, exponential growth can only be maintained when nutrient supply exceeds biomass demand, which sets an upper bound on cell density for a given nutrient concentration and flow rate. Second, continuous medium renewal washes out compounds secreted by cells into the environment; while this helps maintain defined extracellular conditions, it may limit studies that rely on the accumulation of extracellular metabolites or signaling molecules. Third, a quantification of harvesting efficiency showed that approximately 82% of cells were recovered under the tested conditions, indicating that the method retrieves a substantial fraction of the retained biomass. However, a fraction of cells remains attached to the membrane, and recovery efficiency may vary with strain, growth conditions, and duration of cultivation. Finally, the current configuration does not readily permit live single-cell imaging inside the Sterivex filter during growth. Despite these limitations, the MCCD is a customizable and accessible system built from standard laboratory components. Its modular and compact design (approximately 30 x 30 x 40 cm) enables diverse applications, including the study of microbial responses to nutrient pulses, the cultivation of slow-growing organisms, and operation inside anaerobic chambers. The MCCD therefore provides a versatile platform for studying bacterial physiology under conditions that more closely resemble those encountered in natural environments.
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