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Abstract  13 

Soil absorbs about 20% of anthropogenic CO2 emissions annually, and clay is the key 14 

carbon-capture material. Although sorption to clay is widely assumed to strongly retard 15 

the microbial decomposition of soil organic matter, enhanced degradation of clay-16 

associated organic carbon has been observed under certain conditions. The conditions in 17 

which clay inhibits microbial decomposition remain uncertain because the mechanisms of 18 

clay-organic carbon interactions are not fully understood. Here we reveal the 19 

spatiotemporal dynamics of carbon sorption and release within clay aggregates and the 20 

role of enzymatic decomposition by directly imaging a transparent smectite clay on a 21 

microfluidic chip. We demonstrate that clay-carbon protection is due to the quasi-22 

irreversible sorption of high molecular-weight sugars within clay aggregates and the 23 

exclusion of bacteria from these aggregates. We show that this physically-protected carbon 24 

can be enzymatically broken down into fragments that are released into solution. Further, 25 

we suggest improvements relevant to soil carbon models.  26 

 27 

Introduction  28 

Soil constitutes a vast carbon reservoir that exchanges around 60 gigatons of carbon annually with 29 

the atmosphere and absorbs about 20% of anthropogenic CO2 emissions1,2,3. Consequently, 30 

variations in the capacity of soils to store carbon have tremendous impacts on the global carbon 31 

cycle and future climate4,5. This sensitivity of global climate to soil carbon storage presents both 32 

an obvious risk and a potentially powerful carbon mitigation tool6.  33 

 34 

The abundance of certain clay minerals (in particular, smectites and nano-crystalline iron and 35 

aluminum oxides) is widely recognized as a key factor controlling the amount of carbon stored in 36 

soil and its release rate7-9, yet the detailed processes responsible for this mineral protection remain 37 

unclear, especially in the presence of soil microbes and extracellular enzymes that degrade organic 38 

matter1,5,10. A common hypothesis is that sorption of organic molecules to clay surfaces 39 

temporarily protects this carbon from microbial decomposition11-13. Consequently, recently 40 

developed global and field-scale soil carbon models include a protected carbon pool determined 41 

by clay abundance and represented as a reversible sorption process5,14. This conceptual view, 42 
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however, is challenged by evidence showing that clay-associated carbon remains remarkably labile 43 

and can be released in a short period of time (days), likely due to microbial and enzymatic activity, 44 

if low molecular-weight sugars (e.g. within root exudates) are input into the soil15-17. This 45 

phenomenon, hereinafter referred to as priming, suggests that microbial and extracellular 46 

enzymatic activity may directly impact the efficacy of mineral protection, in contrast with extant 47 

soil carbon models that represent mineral protection and biotic processes as independent and 48 

uncorrelated phenomena5,18.  49 

 50 

Direct observations of the interactions between clay, carbon, microorganisms, and extracellular 51 

enzymes (exoenzymes) are needed to improve global soil carbon and climate predictions and to 52 

enable effective designs of soil-based climate mitigation strategies10,15-17. Such observations are 53 

scarce due to a lack of real-time technology to visualize carbon dynamics within clay micro-54 

aggregates, where most organic matter is stored15,19,20. Because of the opaque nature of clay micro-55 

aggregates, observations of organic carbon within these aggregates have typically relied on 56 

destructive techniques that provide only a static snapshot of carbon-clay associations, i.e., a 2D or 57 

3D image at a single point of time21-23. While these static snapshots provide useful information 58 

regarding the pore structure and the carbon distribution within clay aggregates, they provide only 59 

indirect insight into the dynamics of clay-carbon protection and release processes represented by 60 

soil carbon models10.  61 

 62 

Here, we demonstrate how carbon is stored in clay micro-aggregates and later released by 63 

exoenzymes in a model “soil-on-a-chip”24, i.e., a microfluidic device containing water, clay, and 64 

organic molecules designed to approximate organic sorption in soil. For the first time, we achieve 65 

four-dimensional (4D), i.e., three spatial dimensions plus time, imaging of carbon and bacteria 66 

within and surrounding clay aggregates by combining fluorescently labeled carbon and microbes 67 

with a transparent synthetic smectite clay (laponite) and confocal microscopy. With this new 4D 68 

imaging method, we investigate the sorption of sugars with different molecular weights to smectite 69 

clay and show that high molecular-weight sugars (polysaccharides) are quasi-irreversibly sorbed 70 

within clay aggregates (i.e., we observe essentially no desorption on the time-scale of our 71 

experiments). In contrast, low molecular-weight sugars such as glucose are reversibly sorbed to 72 

clay. We find that this sorption creates a spatial separation, hence likely a physical protection, 73 

between the complex organic matter sorbed within clay aggregates and microorganisms confined 74 

to the periphery. Finally, we study how exoenzymes can rapidly promote the release of protected 75 

carbon. Based on our measurements, we propose an integrated view of how clay, bacteria, and 76 

exoenzymes together affect soil carbon storage and release and suggest an improved model 77 

structure for soil carbon predictions.  78 

 79 

 80 
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 81 
Figure 1. 4D imaging of higher and lower molecular weight fluorescent organic matter in clay reveals two 82 
types of clay-carbon sorption. (a) Schematic diagram of the experimental set up. (b) A cross-sectional image 83 
of the 300 µm wide by 40 µm high microfluidic channel. A fluorescent image was superimposed on a 84 
bright-field image. Three clay aggregates sorbed with green fluorescent carbon (3-5 kDa dextran) appear 85 
green. The tiny “V” symbols in the middle of the channel were designed to trap the clay, while the 86 
aggregates were static due to the low flow rate during experiment (1 mL/hr). (c) A 3D snapshot of the clay 87 
aggregate indicated by the black box in (b). The clay aggregate is indicated by the silver color and green 88 
fluorescent carbon is indicated by the green color (see Methods for details). At t = 0 hours, a flow with 89 
carbon (high molecular-weight dextran or low molecular-weight glucose) was injected into the channel and 90 
the sorption of dextran or glucose to clay is shown as black symbols with error bars in (d) and (e), 91 
respectively. The symbol and the error bar represent the mean and standard error of the average fluorescence 92 
intensity within multiple aggregates in one microfluidic channel. Specifically, three aggregates as shown in 93 
(b) were used for the 3-5 kDa dextran (d), and five aggregates (Fig. S7 (a)) were used for the fluorescent 94 
NBDG glucose (e). After the sorption of carbon to clay reached equilibrium, a flow without carbon was 95 
injected into the channel, and the desorption of carbon from clay is shown as gray symbols with error bars 96 
in (d) and (e). The sorption and desorption curves suggest that the sorption of high molecular-weight sugars 97 
to clay is quasi-irreversible on a time-scale of days (d), while the sorption of low molecular-weight sugars 98 
to clay is readily reversible (e).  99 
 100 

Quasi-irreversible sorption 101 

The sorption and desorption of fluorescently-labelled organic matter within micron-size 102 
transparent clay aggregates were imaged in 4D in a microfluidic channel using a confocal 103 
microscope, as shown in Fig. 1(a-c). The micron-size clay aggregates were formed by suspending 104 
the 25 nm diameter by 1 nm thick laponite particles in buffer solutions (see Methods). Each clay 105 
aggregate (Fig. 1(c)), with length scale on the order of 10-100 µm, consists of thousands of 106 
nanometer-size primary laponite particles. The clay aggregates were first injected into the channel 107 
through a syringe by hand at a relatively high flow rate, i.e., several mL per minute (see Methods 108 
for details). After the clay aggregates deposited randomly in the channel (Fig. 1(b)), a solution 109 
containing dissolved fluorescently labeled organic matter was injected into the channel for a finite 110 
duration, long enough for the sorption to reach equilibrium (sorption), followed by injection of the 111 
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pure buffer solution without organic matter (desorption). The sorption time is on the scale of hours, 112 
which resembles natural several hour-long rainfall events. The clay aggregates were static during 113 
the sorption/desorption process because the flow was controlled by a syringe pump at a low flow 114 
rate (1 mL/hr). Two fluorescent organic compounds were investigated in this study: the fluorescein 115 
isothiocyanate (FITC) 3-5 kDa dextran and the fluorescent 2-NBDG glucose. We choose dextran, 116 
a polysaccharide derived from the monomer glucose, and the monosaccharide glucose as the 117 
representative soil organic matter because sugars are the most abundant components of organic 118 
matter in soil35. We focus on studying the impact of molecular weight on soil carbon sorption and 119 
desorption because molecular weight is one of the most important parameters used to characterize 120 
soil carbon1. Note that other details of the molecular structure of organic matter also affect its 121 
sorption to clay and are not considered in this study.  122 
 123 
The fluorescence intensity of carbon within each clay aggregate was scanned using a confocal 124 
microscope with 1-2 µm horizontal and vertical resolutions (see Methods). An example of a 3D 125 
scan showing the diffusion of fluorescent 3-5 kDa dextran into one clay aggregate during the 126 
sorption process is shown in Fig. 1(c). The 4D images, or the time sequence of the 3D images, are 127 
shown in Supplementary Videos 1 and 2. The average fluorescence intensity within the clay 128 
aggregates scales linearly with the concentration of carbon within the aggregates as shown by the 129 
calibration experiments with fluorescently labeled dextran of known concentration (Fig. S2). The 130 
average fluorescence intensity within each clay aggregate was first calculated (see Methods). 131 
Afterwards, the mean and standard error of the average fluorescence intensity of multiple clay 132 
aggregates in one microfluidic channel (e.g. Fig. 1(b)) were calculated as a function of time as 133 
shown by the symbols and error bars in Fig. 1 (d) and (e). During flow of solution containing the 134 
3-5 kDa dextran, the average fluorescence intensity within the clay aggregates increased and 135 
reached equilibrium within about 5 hours (Fig. 1(d) and Supplementary Video 1). Upon subsequent 136 
flow of organic-free solution, the average fluorescence intensity decreased slowly and the majority 137 
of the dextran (>1/2 of the average fluorescence intensity) remained within the clay aggregate after 138 
about 50 hours, indicating that this higher molecular-weight sugar was largely irreversibly sorbed 139 
under the conditions of our measurements. In contrast, the sorption of the low molecular-weight 140 
(340 Da) fluorescent glucose was fully and rapidly reversible (Fig. 1(e) and Supplementary Video 141 
2). Replicate experiments with different random arrangements of the clay aggregates and sorption 142 
times (Figs. S5, S6, and S7) consistently show similar types of sorption, i.e., quasi-irreversible 143 
sorption of dextran and reversible sorption of glucose, suggesting that the arrangement of clay 144 
aggregates, which may affect the rate of sorption, does not affect the type of sorption. Our 145 
experimental results contradict an existing popular conceptual model of soil organic matter 146 
persistence1, which suggests that smaller molecular size carbon has greater opportunity for mineral 147 
protection (e.g. Fig. 2 in ref. 1). Furthermore, the quasi-irreversible sorption of the 3-5 kDa dextran 148 
and the reversible sorption of 340 Da fluorescent glucose together suggest that, at least in the case 149 
of sugars, quasi-irreversible sorption of organic matter to clay only occurs for high molecular-150 
weight compounds, as observed here for compounds with molecular weight ≥3 kDa. 151 
 152 

Mechanisms for quasi-irreversible sorption 153 

The quasi-irreversible sorption of high molecular-weight sugars to smectite clay observed in Fig. 154 

1 was further examined by measuring the equilibrium sorption isotherm of 3-5 kDa dextran on 155 

clay in well mixed batch-reactor conditions (i.e., the equilibrium relationship between organic 156 

matter concentration in solution, Ce, and sorbed to clay, Cs). The sorption isotherm was obtained 157 
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by mixing clay and dextran solution in glass vials and measuring the dextran concentration in the 158 

solution before and after sorption (see Methods). Our results, shown in Fig. 2(a), indicate that the 159 

concentration of adsorbed dextran was essentially invariant with its concentration in solution for 160 

Ce values ranging over two orders of magnitude (0.009 to 2 g/L) before increasing for Ce > 2 g/L 161 

following a classical S-shaped sorption isotherm25. The plateau value of Cs for Ce < 2 g/L, Cs-plateau 162 

= 0.2 ± 0.1 g/g, is consistent with previous observations of a plateau loading of organic matter on 163 

smectite clay in sorption experiments and in marine sediments11,26. The plateau concentration Cs-164 

plateau = 0.2 ± 0.1 g/g is quantitatively consistent with a monolayer coating on the entire clay surface. 165 

Specifically, if the value of Cs-plateau is expressed as an average thickness of sorbed dextran on the 166 

clay surface, h = Cs-plateau/asρdextran, where the specific surface area of smectite27
 as =  760 ± 40 167 

m2/g and the density of dextran28 ρdextran ~ 1.3 ± 0.3 g/cm3, then h = 2.1 ± 1.2 Å is approximately 168 

the known thickness of a monolayer of water or graphite (3 Å). As shown in Fig. S4, adsorption 169 

experiments with higher molecular-weight dextran showed the same plateau loading, whereas 170 

experiments with low molecular-weight sugar (glucose) were consistent with a linear adsorption 171 

isotherm with no plateau.  172 

 173 

The sharp increase in Cs for Ce > 2 g/L (Fig. 2(a)) indicates secondary sorption of high molecular-174 

weight organic matter in addition to the monolayer sorption noted above. We hypothesize that this 175 

secondary sorption reflects the formation of an organic-rich phase on the clay surface, either 176 

through capillary condensation in mesopores within the clay-aggregates, e.g. analogous to the 177 

condensation of water vapor in mesoporous media including clays at high humidity29, or through 178 

a surface-promoted aggregation of organic matter at the clay-water interface, e.g. analogous to the 179 

promotion of surfactant hemi-micelles at solid-water interfaces. This hypothesis is consistent with 180 

observations of sub-micron discrete organic patches/aggregations in natural soils30,31.  181 

 182 

 183 
Figure 2: Clay-carbon sorption isotherm and bacterial-clay interactions. (a) The sorption isotherm of 184 
3-5 kDa dextran on clay suggests two sorption mechanisms. Each data point represents one batch sorption 185 
experiment, i.e., one experiment with 10 mg of clay added to 10 mL solution in a glass vial (see Methods). 186 
For each batch experiment, three drops were sampled from the solutions after the sorption and three sets of 187 
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Ce were estimated from the fluorescence intensity measurements. Afterwards, three sets of Cs were 188 
calculated from Ce and the dextran concentration in solution before sorption (see Methods). The triangles 189 
and error bars represent the mean and the standard error of these three sets of measurements. (b) A typical 190 
confocal microscopy image of the distribution of red fluorescent soil bacteria, Pseudomonas aeruginosa, 191 
around clay micro-aggregates loaded with green-fluorescent glucose.  192 
 193 
Bacteria and exoenzymes  194 

Next, we investigated the impacts of soil bacteria and extracellular enzymes on carbon protection 195 

within clay micro-aggregates. We first showed that bacteria were confined to the periphery of clay 196 

aggregates and thus were spatially separated from organic matter sorbed within clay aggregates. 197 

Specifically, we incubated a typical soil bacterium, Pseudomonas aeruginosa, with the transparent 198 

clay in a nutrient solution containing regular D-glucose as a carbon source in a culture well dish 199 

(see Methods). After one day of incubation, the clay-bacteria mixture was imaged under a confocal 200 

microscope (Figs. 2(b) and S8). The bacteria appeared red because a red fluorescent gene, 201 

mCherry, was engineered on the bacterial chromosome32. The clay appeared green due to the 202 

addition of green fluorescent glucose as a tag. The cross-sectional image shows that almost no 203 

bacteria penetrated inside the clay aggregates (Figs. 2(b)), confirming the hypothesis that micron-204 

size bacteria cannot penetrate into the nanometer-size pores of clay10,33. The exclusion of bacteria 205 

from the clay, consistently observed in over four replicate experiments (e.g. Figs. 2(b) and S8), in 206 

effect, physically protects the organic matter from direct contact with soil bacteria, in agreement 207 

with the observed correlations between soil organic carbon and smectite clay abundance in 208 

temperate soils7-9.   209 
 210 
Further, we demonstrated that the release of clay-bound carbon, observed in field and laboratory 211 

experiments15-17, can be explained by exoenzymes produced by some soil bacteria and fungi. Here 212 

we added a commercially available dextranase (an enzyme that breaks down dextran by cleaving 213 

glycosidic linkages between its saccharide components) to dextran sorption experiments. We 214 

chose to use the extracted dextranase because our soil bacterium P. aeruginosa does not produce 215 

dextranase. Solutions containing dextrans with different molecular weights, followed by a solution 216 

containing the enzyme dextranase, were injected sequentially into a microfluidic device designed 217 

to mimic a soil macropore, cavities with typical pore size larger than 50-100 µm (Fig. 3). To 218 

represent the intermittency of natural flows, e.g. rainfalls with several-hour duration, the injections 219 

were modified at well-spaced hour-scale time intervals. The clay emitted green and red light when 220 

green and red fluorescently labeled dextrans were sorbed to it, respectively. The average green and 221 

red fluorescence intensities, represented by the green and red curves, were calculated in the 222 

immobile clay regions (the three black contours in Fig. 3(a)). During the injection of green 3-5 223 

kDa dextran and red 20 kDa dextran, the average green and red intensities of clay increased, 224 

respectively, indicating a kinetically-limited uptake of 3-5 kDa and 20 kDa dextrans in clay 225 

aggregates. Note that after the injection of the red 20 kDa dextran stopped, only the edge of the 226 

clay appeared red (Fig. 3b and c). This is because the diffusivity of the red 20 kDa dextran in the 227 

clay was small such that only the edge of the clay was exposed to the red dextran, i.e., the sorption 228 
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of the red dextran did not last long enough for the sorption in the clay regions to saturate or reach 229 

equilibrium (see section S1 in supplementary material for discussion about the diffusivity). For the 230 

red dextran, only the area sorbed with red dextran at the end of this sorption stage was used to 231 

calculate the average red fluorescence intensity in clay. During the injection of the green 70 kDa 232 

dextran, the changes in the average green and red intensities within the clay were not noticeable, 233 

suggesting that the diffusion of 70 kDa dextran into clay was too slow to be observed within the 234 

experimental time frame. Afterwards, when the buffer solution without any organic matter was 235 

injected into the channel, no changes in average green and red intensities of clay were observed, 236 

confirming that the sorption of high molecular-weight sugars (≥  3 kDa) to clay is quasi-237 

irreversible on the time-scale of our experiments.  238 
 239 

 240 
Figure 3: Exoenzyme dextranase releases irreversibly-sorbed high molecular-weight carbon.  Cross-241 
sectional fluorescence images of a microfluidic channel designed to mimic a soil macropore (typical pore 242 
size > 50-100 µm) containing clay micro-aggregates, taken at times a-e (diamond symbols along the 243 
intensity curves), super-imposed on bright-field images. The three black contours in panel a show the three 244 
immobile clay regions used to calculate the mean and the standard errors of the average fluorescence 245 
intensity in clay.  Background buffer solutions enriched with organic substances were injected sequentially 246 
into the channel: (1) 0.05 g/L green 3-5 kDa dextran, (2) 0.05 g/L red 20 kDa dextran, (3) 0.05 g/L green 247 
70 kDa dextran, (4) no organics, and (5) 2 g/L enzyme (dextranase). The symbols and error bars represent 248 
the means and the standard errors of the average fluorescence intensity within the three immobile clay 249 
regions (outlined by three black contours in Fig. 3a). Note that during the experiment, three clay aggregates 250 
appeared in the field of view from the upstream of the channel (compare panels b and c). This is because 251 
when we switched the valve to change the injection to a different flow/solution, small vibrations of the 252 
inflow tubes mobilized the clay aggregates. Such temporal disturbances do not affect the result because 253 
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only the intensity in the immobile clay regions was considered. The start time and duration of each injection 254 
are indicated, respectively, by the vertical dashed lines and the arrows underneath the horizontal time axis.  255 
 256 
Upon addition of dextranase, however, the average green and red intensities within the aggregates 257 

rapidly decreased to almost zero. This result indicates that, unlike micron-size bacteria, nanometer-258 

size exoenzymes such as the 7 nm dextranase (Fig. S1), can penetrate into the clay aggregates and 259 

break down sorbed dextrans into smaller fragments for which sorption is reversible, which leads 260 

to a rapid release of carbon into solution. Replicate experiments with only one type of high 261 

molecular-weight carbon and the exoenzyme dextranase consistently show the desorption of 262 

carbon immediately after the injection of exoenzymes (e.g. Fig. S10). Our results are consistent 263 

with the observation that the enzyme glucose oxidase retains most of its catalytic activity after 264 

being sorbed within some smectite clay aggregates34. The breakdown of high molecular-weight 265 

organic matter by exoenzymes within clay aggregates is further demonstrated by the fluorescence 266 

intensity profiles of dextrans in clay (Figs. S9 and S10), which show a rapid resorption of 267 

fragments of dextrans broken down by the exoenzyme dextranase (see Section S1 in 268 

supplementary material).  269 
 270 
Conclusions and discussions 271 

Building on the above observations, we propose an integrated conceptual model for interactions 272 

between clay, carbon, microbes, and exoenzymes (Fig. 4(a)). First, organic matter of various sizes 273 

(300 Da – 2 MDa, Table S1) can diffuse into clay aggregates and sorb to clay. The sorption of low 274 

molecular-weight carbon (< 3 kDa) is reversible, thus it can diffuse out of clay where it is 275 

consumed by microbes. In contrast, high molecular-weight carbon (≥ 3 kDa) is quasi-irreversibly 276 

sorbed to clay, with a plateau loading equivalent to a monolayer on the entire clay surface. As 277 

bacteria are confined to the periphery of clay aggregates, sorbed carbon is physically protected 278 

from direct contact with bacteria. Nevertheless, exoenzymes, produced by some bacteria, such as 279 

dextranase, can diffuse into clay aggregates, where they break down high molecular-weight carbon, 280 

causing release into solution where the carbon can potentially be utilized by surrounding bacteria.  281 

 282 
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 283 
Figure 4: Proposed conceptual model for soil carbon interaction with clay minerals and implications 284 
for soil carbon models. (a) An integrated conceptual model for interactions between clay, carbon, 285 
microbes, and exoenzymes is proposed. Note: drawing not to scale. (b) A representative soil carbon model 286 
structure, which implements clay-carbon protection and biotic activity as distinct processes5,18. (c) A revised 287 
soil carbon model that implements clay-carbon protection and biotic activity as coupled processes. The 288 
release of the clay-protected carbon could be modeled as a function of exoenzymatic activity, which is 289 
likely a function of the bacterial biomass and growth rate.   290 
 291 
The resulting conceptual model reconciles observations of mineral protection7-9 and priming15-17, 292 

i.e., the intensified loss of clay-protected carbon following addition of low molecular-weight 293 

sugars. On the one hand, we demonstrate that clay protects organic matter through physical 294 

separation from soil bacteria. On the other hand, we reveal that high molecular-weight sugars are 295 

particularly strongly sorbed, but can be broken down by exoenzymes within clay aggregates and 296 

released into solution. These findings are consistent with the observed decrease of clay-protected 297 

carbon in priming experiments15-17. Specifically, when low molecular-weight carbon is added to 298 

soil, bacteria become more active and produce more exoenzymes. As exoenzymes diffuse into clay 299 

aggregates, they break down high molecular-weight organic compounds into smaller fragments 300 

that are readily released into solution, becoming available to surrounding bacteria that produce yet 301 

more exoenzymes. This positive feedback loop can lead to enhanced degradation of clay-protected 302 
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soil carbon and corresponding rapid emission of greenhouse gases, as observed in priming15-17. 303 

Our results also suggest that it may be possible to directly observe priming using the soil-on-a-304 

chip methodology developed here, by replacing the exogenous dextranase used in Fig. 3 with 305 

enzyme-producing bacteria.   306 

 307 

A key outcome of the present study is the demonstration that microbial and extracellular enzymatic 308 

activity can directly impact the efficacy of mineral protection. However, many representative soil 309 

carbon models implement biotic activity and mineral protection as distinct processes5,18, as shown 310 

in Fig. 4(b). Based on the findings in this paper, we suggest an improved soil carbon model 311 

structure that treats biotic activity as a direct cause of the release of clay-associated organic carbon, 312 

as indicated by the pathway with a valve controlled by exoenzymatic activity in Fig. 4(c). In 313 

addition, the release of high molecular-weight carbon from clay by exoenzymes suggests that 314 

future research investigating the activity of exoenzymes in soils and the interactions of these 315 

enzymes with minerals may be particularly important for predicting the fate of soil carbon. Note 316 

that in this study the bacteria and clay interactions were observed in a culture dish; the next step 317 

to mimic a soil more closely would be to directly incubate bacteria in a microfluidic channel with 318 

clays. Further, note that water content and oxygen level also impact soil carbon dynamics5,36. 319 

While here we use a water-saturated microfluidic setup with gas permeable PDMS walls, future 320 

microfluidic experiments could examine the impact of water saturation and oxygen limitations on 321 

microbial respiration in microfluidic devices. 322 

 323 
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Methods 413 

 414 

Clay, background solution, and enzyme 415 

The laponite clay powder used here is Laponite-RD purchased from BYK USA Inc. A single 416 

primary laponite particle is a 25 nm diameter by 1 nm thick disk-like crystal (BYK manual). 417 

Micron-size clay aggregates were created by mixing the clay powder with a background buffer 418 

solution using a vortex mixer at 2000 rpm for about 1 minute. The buffer solution is M9 minimum 419 

medium without carbon (48 mM Na2HPO4, 22 mM KH2PO4, 9 mM NaCl, 19 mM NH4Cl, 2 mM 420 

MgSO4, 0.1 mM CaCl2), supplemented with micronutrients (0.03 µM (NH4)6(Mo7)24, 4 µM 421 

H3BO3, 0.3 µM CoCl2, 0.1 µM CuSO4, 0.8 µM MnCl2, 0.1 µM MnCl2, and 0.1 µM FeSO4). The 422 

average pore size of the laponite clay is around 2 nm37. The measured pH of the solution is 7. The 423 

organic matter used in this study is shown in Fig. S1 and listed in Table S1. The enzyme used in 424 

this study is dextranase produced by Penicillium sp. (a fungi) and purchased from Sigma. 425 

 426 

Microfluidic clay sorption and desorption experiments 427 

The microfluidic channels were made from polydimethylsiloxane (PDMS) molded from plasma-428 

etched patterns in a silicon wafer and bonded to #1.5 cover glass. The PDMS was made by mixing 429 

10-parts base elastomer and 1-part curing agent. After the PDMS liquid was poured on top of the 430 

silicon wafer in a petri dish, the PDMS was cured in a 60°C oven for around 12 hours. The height 431 

of all the channels used in this study is 40 µm and the width of the straight channel is 300-400 µm. 432 

In addition to straight channels, we also used channels with extra 500 µm long and 200 µm wide 433 

side-chambers to trap clay (Fig. 3). At first, 10 mg Laponite clay powder was mixed in 10 mL 434 

background solution using a vortex mixer at 2000 rpm for about 1 minute. Then, the clay solution 435 

was stored at room temperature for 24 hours to make sure that the clay aggregates swelled to 436 

equilibrium. Afterwards, the clay solution was injected into the microfluidic channel through a 437 

syringe by hand at a flow rate on the order of mL/min. Next, background solutions with 0.05 g/L 438 

organic matter and without organic matter were injected sequentially into the channel using a 439 

syringe pump operating at a flow rate of 1 mL/hour.  440 

 441 

Confocal microscopy  442 

The fluorescence intensity inside clay aggregates was scanned using confocal microscopy at 1.5 443 
µm-horizontal and 1 µm-vertical resolution for the sorption/desorption experiments (Fig. 1 and 444 
Fig. 3). 2 µm vertical resolution was used for the enzyme release experiment (Fig. 3) to reduce file 445 
size. One typical image represents one horizontal scan with around 512 by 512 pixels, and a 3D 446 
image is a stack of around 40 images, representing scans at 40 vertical positions. Note that the 447 
cross-sectional images shown in Fig. 1(b) and other figures were cropped for visual clarity. The 448 
average fluorescence intensity in each aggregate was scanned at 1-minute intervals for the 449 
sorption/desorption experiments in Fig. 1 and at 10-minute intervals for the exoenzyme release 450 
experiment in Fig. 3. Note that only a subset of the data was shown in Figs. 1 and 3 for visual 451 
clarity of the figure. The background intensity at t = 0 hours was subtracted from both curves. The 452 
slow decrease in average dextran fluorescence intensity in clay after t = 50 hours is likely due to 453 
photobleaching of the fluorescent molecules. Additional evidence of photobleaching and its 454 
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dependence on experimental duration and scanning frequency is provided in Figs. S5 and S6.  455 
 456 

For experiments with only green fluorescent organic matter (2-NBDG glucose and FITC dextran), 457 

the laser used for excitation has wavelength 488 nm and the emission filter covers 498-633 nm. 458 

To visualize Pseudomonas aeruginosa PA14 mCherry32, a 543 nm laser was used and the emission 459 

filter ranged from 553-689 nm. The bacterial culture image was scanned at 0.12 µm by 0.12 µm 460 

resolution (Fig. 2(b)). To visualize the red organic matter (TRITC dextran), the laser wavelength 461 

was 543 nm and the emission filter was 571-582 nm. When green fluorescent organic matter was 462 

visualized with red fluorescent organic matter and bacteria, the emission filter of the green signal 463 

was narrowed to 498-520 nm to avoid overlap with the red signal. 464 

 465 

Image analysis 466 
During the sorption and desorption processes, the fluorescence intensity in clay first increased to 467 

a plateau and then decreased (e.g. Fig. 1(d) and (e)). The outer surface of each clay aggregate was 468 

constructed from the fluorescence intensity when the clay was saturated with fluorescent carbon, 469 

i.e., when the average fluorescence intensity reached maximum. The fluorescence intensity was 470 

rather uniformly distributed within clay aggregates at saturation (with average intensity between 471 

0.2-0.5), such that we define the clay outer surface as the location where the fluorescence intensity 472 

drops to around 0.1. Visual comparison with bright-field images show that our method accurately 473 

constructed the outer surface of the clay aggregates. The average fluorescence intensity of each 474 

clay aggregate was then estimated as the average fluorescence intensity of the pixels enclosed by 475 

the outer surface of the clay aggregate. Fig. 1(d) shows the mean and standard error of the average 476 

fluorescence intensity within the three clay aggregates shown in Fig. 1(b). Fig. 1(e) presents the 477 

mean and the standard error of the average fluorescence intensity in five aggregates enclosed by 478 

the red boxes in Fig. S7(a). Because the fluorescence intensity was quite uniformly distributed in 479 

each clay aggregate, running average with different numbers of aggregates shows that three clay 480 

aggregates are enough to capture the mean intensity in the clay aggregates. The same method was 481 

used to identify the outer surface of clay aggregates in other experiments (e.g. Fig. 3).  482 

 483 

Sorption isotherm experiments 484 

To measure the sorption isotherm of organic compounds on laponite clay (Fig. 2), samples of 10 485 

mg clay powder were added to 10 mL background solutions containing 3-5 kDa dextran at different 486 

concentrations in 20 mL glass vials. The glass vials were then placed in a box wrapped with 487 

aluminum foil to avoid photobleaching. For each dextran concentration, a sample without clay was 488 

prepared in identical conditions as a control. The box was then placed in a 200 rpm shaker for 3 489 

days at room temperature. Afterwards, the supernatant solution was centrifuged at 10 krpm for 10 490 

minutes. The average fluorescence intensity of the solution before and after adding clay was 491 

measured and compared with calibrated average fluorescence intensity versus dextran 492 

concentration curves (Fig. S2), from which we calculated Co (mass/volume), the dextran 493 

concentration in the solution before adding the clay, and Ce, the dextran concentration in the 494 

supernatant solution after the sorption of dextran to clay reached equilibrium. The concentration 495 
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of sorbed dextran in clay (mass/mass) was calculated by mass balance as Cs = (Co-Ce)V/Mclay, with 496 

V and Mclay representing the volume of the solution and the mass of clay, respectively. To test 497 

whether the average fluorescence intensity of the clay correlated with the amount of organic matter 498 

sorbed to clay Cs, clay slurries recovered by centrifugation were transferred to a #1.5 glass slip and 499 

imaged under a confocal microscope (Fig. S2).  500 

 501 

Bacterial strain and bacteria-clay culture experiments 502 

The soil bacterial strain used here, Pseudomonas aeruginosa PA14 with mCherry fluorescent gene 503 

engineered into the chromosome, was provided by A. Siryaporn32. Bacteria were first grown 504 

overnight in standard lysogeny broth medium at 37 °C with 200 rpm shaking. After 10 mg clay 505 

was added to 1 mL background solution with 4 g/L D-glucose and 0.04 g/L 2-NBDG glucose, 100 506 

uL bacteria overnight culture was added to the clay mixture in a 35 mm culture well dish. The 507 

bacteria-clay mixture was then placed in a 37 °C incubator for 24 hours before being imaged using 508 

a confocal microscope.  509 

 510 

37. Cao, X., Yan, B., Huang, Y., et al. Use of laponite as adsorbents for Ni (II) removal from 511 

aqueous solution. Environmental Progress & Sustainable Energy 37, 942-950 (2018). 512 
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Figures

Figure 1

4D imaging of higher and lower molecular weight �uorescent organic matter in clay reveals two types of
clay-carbon sorption. (a) Schematic diagram of the experimental set up. (b) A cross-sectional image of
the 300 μm wide by 40 μm high micro�uidic channel. A �uorescent image was superimposed on a bright-
�eld image. Three clay aggregates sorbed with green �uorescent carbon (3-5 kDa dextran) appear green.
The tiny “V” symbols in the middle of the channel were designed to trap the clay, while the aggregates
were static due to the low �ow rate during experiment (1 mL/hr). (c) A 3D snapshot of the clay aggregate
indicated by the black box in (b). The clay aggregate is indicated by the silver color and green �uorescent
carbon is indicated by the green color (see Methods for details). At t = 0 hours, a �ow with carbon (high
molecular-weight dextran or low molecular-weight glucose) was injected into the channel and the
sorption of dextran or glucose to clay is shown as black symbols with error bars in (d) and (e),
respectively. The symbol and the error bar represent the mean and standard error of the average
�uorescence intensity within multiple aggregates in one micro�uidic channel. Speci�cally, three
aggregates as shown in (b) were used for the 3-5 kDa dextran (d), and �ve aggregates (Fig. S7 (a)) were
used for the �uorescent NBDG glucose (e). After the sorption of carbon to clay reached equilibrium, a �ow
without carbon was injected into the channel, and the desorption of carbon from clay is shown as gray
symbols with error bars in (d) and (e). The sorption and desorption curves suggest that the sorption of
high molecular-weight sugars to clay is quasi-irreversible on a time-scale of days (d), while the sorption of
low molecular-weight sugars to clay is readily reversible (e).



Figure 2

Clay-carbon sorption isotherm and bacterial-clay interactions. (a) The sorption isotherm of 3-5 kDa
dextran on clay suggests two sorption mechanisms. Each data point represents one batch sorption
experiment, i.e., one experiment with 10 mg of clay added to 10 mL solution in a glass vial (see Methods).
For each batch experiment, three drops were sampled from the solutions after the sorption and three sets
of 10-2 100 C e [g/L] 10-1 100 101 C s [g/g] (a) (b) Clay “large-size” carbon Ce were estimated from the
�uorescence intensity measurements. Afterwards, three sets of Cs were calculated from Ce and the
dextran concentration in solution before sorption (see Methods). The triangles and error bars represent
the mean and the standard error of these three sets of measurements. (b) A typical confocal microscopy
image of the distribution of red �uorescent soil bacteria, Pseudomonas aeruginosa, around clay micro-
aggregates loaded with green-�uorescent glucose.



Figure 3

Exoenzyme dextranase releases irreversibly-sorbed high molecular-weight carbon. Cross sectional
�uorescence images of a micro�uidic channel designed to mimic a soil macropore (typical pore size > 50-
100 μm) containing clay micro-aggregates, taken at times a-e (diamond symbols along the intensity
curves), super-imposed on bright-�eld images. The three black contours in panel a show the three
immobile clay regions used to calculate the mean and the standard errors of the average �uorescence
intensity in clay. Background buffer solutions enriched with organic substances were injected
sequentially into the channel: (1) 0.05 g/L green 3-5 kDa dextran, (2) 0.05 g/L red 20 kDa dextran, (3) 0.05
g/L green 70 kDa dextran, (4) no organics, and (5) 2 g/L enzyme (dextranase). The symbols and error
bars represent the means and the standard errors of the average �uorescence intensity within the three
immobile clay regions (outlined by three black contours in Fig. 3a). Note that during the experiment, three
clay aggregates appeared in the �eld of view from the upstream of the channel (compare panels b and c).
This is because when we switched the valve to change the injection to a different �ow/solution, small
vibrations of the in�ow tubes mobilized the clay aggregates. Such temporal disturbances do not affect
the result because only the intensity in the immobile clay regions was considered. The start time and
duration of each injection are indicated, respectively, by the vertical dashed lines and the arrows
underneath the horizontal time axis.



Figure 4

Proposed conceptual model for soil carbon interaction with clay minerals and implications for soil carbon
models. (a) An integrated conceptual model for interactions between clay, carbon, microbes, and
exoenzymes is proposed. Note: drawing not to scale. (b) A representative soil carbon model structure,
which implements clay-carbon protection and biotic activity as distinct processes5,18. (c) A revised soil
carbon model that implements clay-carbon protection and biotic activity as coupled processes. The
release of the clay-protected carbon could be modeled as a function of exoenzymatic activity, which is
likely a function of the bacterial biomass and growth rate.
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