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SUMMARY 22 

Microbe-mineral interactions have shaped the surface of the Earth and impacted the evolution of 23 

plants and animals. Although more than two-thirds of known mineral species have biological 24 

imprints, how the biotransformation of minerals may have benefited microbial development, 25 

beyond nutritional and energetic use, remains enigmatic. In this research, we have shown that 26 

biogenic ferrihydrite nanoparticles are extensively formed at the interface between an actively 27 

growing fungus and an iron-containing mineral, hematite. These biogenic nanoparticles formed 28 

through the fungus-hematite interactions can behave as mimetic catalysts, similar to nanozymes 29 

that imitate peroxidase which scavenges hydrogen peroxide for the mitigation of potential 30 

cytotoxicity. Evidence from various X-ray spectroscopic analyses indicated that non-lattice 31 

oxygen in the nanomaterials was chiefly responsible for this catalytic activity, rather than 32 

through the conventional mechanisms of iron redox chemistry. Cryo-scanning electron 33 

microscopy, high-resolution (~30 nm) 3D volume rendering, and biomass analyses further 34 

confirmed that the organism was active and capable of mediating the catalytic reactions. We 35 

therefore hypothesize that this confers an advantage to the organism in terms of protection from 36 

oxidative stress and ensuring the acquisition of essential iron. This work raises new questions 37 

about the roles of biogenic nanomaterials in the coevolution of the lithosphere and biosphere, 38 

and provides a step towards understanding the feedback pathways controlling the evolution of 39 

biogenic mineral formation. 40 

 41 

 42 

KEYWORDS 43 
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microbe-mineral interactions, biomineralization, fungi, iron acquisition, nanoparticles, 44 

nanozymes, oxidative stress, surface oxygen anions, geomycology 45 

 46 

INTRODUCTION 47 

Synthetic nanomaterials have recently been found to exhibit enzyme-like catalytic activities 48 

(hence the term nanozymes) that can facilitate various biochemical reactions that have been 49 

utilized for immunoassays, biosensing, and medical diagnoses [1–3]. This unique reactivity, if 50 

occurring in naturally-occurring minerals, may mean that inorganic geomaterials are an 51 

unnoticed contributor to the evolution of biosphere [3]. Among the minerals that can potentially 52 

act as nanozymes, ferrihydrite [ideal formula Fe10O14•(OH)2] is of particular interest because of 53 

the mineral’s ubiquitous presence in the Earth’s surface [4, 5] and the known catalytical 54 

properties of iron (oxyhydr)oxide nanoparticles that imitate natural peroxidase, an antioxidant 55 

enzyme pivotal for the removal of excess reactive oxygen species (ROS), such as superoxide 56 

(O2•—) and hydrogen peroxide (H2O2), in biological systems to ameliorate oxidative stress and 57 

maintain cellular redox balance [1–3]. 58 

In this work, we have investigated the fungal formation of ferrihydrite (iron(III) 59 

oxyhydroxide), and this biogenic mineral’s nanozyme-like activity, using Trichoderma 60 

guizhouense NJAU4742 and hematite (α-Fe2O3) as the model system [6, 7]. The Fungi joined 61 

microbe-Earth coevolution nearly 2 Ga later relative to the earliest life forms [8, 9] but were 62 

instrumental in the onset of land colonization by photosynthetic eukaryotes such as plants 63 
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[10]. Fungus-mineral interactions play key roles in rock, mineral and metal transformations, 64 

rhizospheric organic matter degradation and phosphate fixation [9] but resultant secondary 65 

mineral phases, particularly biogenic nanoparticles [11, 12], have not been linked to any obvious 66 

biological functions. Furthermore, fungal production of extracellular O2•— and H2O2 during 67 

growth has been extensively reported [6, 12, 13], yet the processes required to combat the 68 

ensuing potential oxidative stress remain to be fully elucidated [14]. The objectives of this work 69 

were therefore to (i) examine the biogenic formation of ferrihydrite nanoparticles during fungus-70 

hematite interactions and (ii) test whether the biogenic ferrihydrite nanoparticles can imitate 71 

peroxidase to scavenge hydrogen peroxide for the potential mitigation of cytotoxicity. Through 72 

systematically scrutinizing the model fungal-mineral interactions, our results have provided 73 

crucial insights into the possible mechanisms underlying coevolution of the lithosphere and 74 

biosphere and provide a foundation for fundamental research on the potential importance of 75 

mineral nanozymes to microbial evolution. 76 

 77 

RESULTS 78 

Iron (Oxyhydr)oxide Nanoparticle Formation During Fungus-Mineral Cultivation 79 

During fungus-mineral cultivation, transmission electron microscopy (TEM) revealed that the 80 

mineral grains (from the initial hematite particles) experienced an 8-fold size reduction, giving 81 

rise to a high-density distribution (3000–6000 per µm−2, Figure 1A) of ~3 nm-sized nanoparticles 82 

in the aggregates within 48 h. Analysis of the solution chemistry of the media showed a 83 

monotonic increase of dissolved Fe, dominated by Fe2+ (Table S1), over the first 96-h before 84 



6 

 

reaching a plateau near the end of the 120-h incubation period (Figure 1B). This increase was 85 

particularly pronounced after 48-h, probably due to the <20 nm particles being interpreted as 86 

"dissolved" Fe by the analytical technique used [8]. By comparison, such trends were not found 87 

in control experiments (medium with only fungus or hematite, Figure 1B), confirming that the 88 

fungal-mineral interaction was necessary for nanoparticle formation. 89 

 Detailed examination of the mycelium-mineral aggregates by correlative scanning 90 

electron microscopy (SEM) (Figures 1C) and nano-scale secondary ion mass spectrometry 91 

(NanoSIMS) (Figures 1C–E and S1) revealed the existence of a matrix of extracellular polymeric 92 

substances (EPS) (Figures 1C and 1D) enveloping the hyphae at the end of the cultivation period. 93 

Previous work has shown that 56Fe16O− is indicative of Fe-enriched phases while 16O− represents 94 

mineral phases [15]. The profound intensity of 16O− in the EPS matrix was interpreted to be a 95 

strong signal of mineral phases (Figure 1E) whereas the unmistakable 56Fe16O− signal (Figure 96 

1F), together with high-angle annular dark-field scanning TEM (HAADF–STEM) imaging of 70 97 

nm- and 30 nm- thick hyphal sections and culture solution (Figures 1G and S2), indicated the 98 

presence of intracellular Fe (blue dots in Figure 1F and white regions in Figures 1G and S2) and 99 

therefore the acquisition of essential iron by the fungus. Selected area electron diffraction 100 

(SAED) (Figures 1I, 1J and S2), high resolution TEM (HRTEM) (Figure 1K), and energy 101 

dispersive X-ray spectroscopy (EDS) analyses (Figure S2) all indicated that the EPS-bound 102 

mineral phase comprised poorly crystalline nanoparticles with an interplanar distance of 0.22 103 

nm, two broad rings at 0.15 and 0.25 nm, and a lattice spacing of 0.25 nm, which was consistent 104 

with 2-line ferrihydrite [12, 16]. Collectively, these multiple lines of evidence signified strong 105 

fungal production of extracellular ferrihydrite nanoparticles (FNs) that were closely associated 106 

with the mycelium through the EPS matrix. 107 
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Iron (Oxyhydr)oxide Nanoparticles Acting as a Mimetic Peroxidase Catalyzing Reactive 108 

Oxygen Species Reactions 109 

The production of reactive oxygen species during fungal growth was confirmed by nitroblue 110 

tetrazolium (NBT) and 3,3´-diaminobenzidine (DAB) staining [13], which showed concentrated 111 

O2•– at the hyphal tips and a diffuse H2O2 distribution along the hyphae (Figures 2A and 2B). 112 

Because O2•– is usually static whereas H2O2 is mobile upon formation (up to 1 mm migration) 113 

[17], we postulate that H2O2 was first formed at the hyphal tips by dismutation of O2•–, which 114 

subsequently diffused along the hyphae (Figure 2B) and also into the media (Figure S3). 115 

 Tests using the classic 3,3',5,5'-tetramethylbenzidine (TMB) assay for peroxidase-116 

catalyzed H2O2 reduction [1, 2] showed that, at the end of the 120-h cultivation, the EPS-bound 117 

FNs exhibited a catalytic activity comparable to that of 50 ng/mL horseradish peroxidase (HRP) 118 

(Figures 2C and 2D). The FNs were not as catalytically active as the synthetic ferrihydrite 119 

nanozyme (0.06 vs. 0.12 units) but were an order of magnitude more efficient than both the 120 

synthetic hematite (0.006 units) and the hematite in the abiotic control (i.e., the hematite exposed 121 

to a similar pH as the FNs) (0.003) used as the parental mineral (Figures 2E and S3). Consistent 122 

with the onset of nanoparticle production (Figure 1A), the peroxidase-like activity in the culture 123 

exhibited the strongest increase from 24 to 48 h (Figure 2E).  124 

Direct measurements of H2O2 and hydroxyl radical (HO•) content further validated the FNs’ 125 

peroxidase-like activity (Figure S3). Firstly, H2O2 and HO• were maintained at near-zero levels 126 

throughout the abiotic control experiments, therefore dismissing the possibility of significant 127 

formation of H2O2 and HO• by hematite-culture interactions (Figure S3). Secondly, in contrast to 128 

the early stage predominance of H2O2 over HO• during fungal growth in pure mineral-free media 129 
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(Figure 2F), the presence of the mineral altered the solution chemistry so that the system 130 

maintained a H2O2 to HO• ratio at a near constant low level throughout the incubation period 131 

(Figure 2F). This finding directly attests to the occurrence of mimetic catalysis. Moreover, the 132 

effectiveness of such catalysis in the presence of increasing medium acidity (the pH decreased 133 

from ~5.4 to ~2.0 during cultivation regardless of the presence of hematite, Figure S3) and 134 

micro-environmental acidity (the pH varying from ~6.5 to <4.5, Figure S3) emphasized 135 

peroxidase- rather than catalase-mimicking (Figure 2F) reactions as the latter only operates at 136 

pH-neutral conditions [2]. Together, these finding suggest that FNs plays a role in the regulation 137 

of oxidative stress in association with FN formation (Figure 2F). 138 

Catalytic Mechanism of the Biogenic Fe-Nanophases 139 

Iron(II) is known to catalyze H2O2 to HO• conversion through the Fenton reaction [12, 18]. 140 

Further, peroxidases often contain an iron-porphyrin derivative in their active sites. A natural 141 

extension from this knowledge is the assumption that the catalytic ability of the FNs was derived 142 

from Fe chemistry [19]. To test this hypothesis, we first examined time dependent changes in Fe 143 

local electronic structures in the FNs using soft X-ray absorption spectroscopy (XAS) [20]. The 144 

Fe L-edge absorption (Figure 3A) corresponds to the excitation of Fe 2p core electrons to 145 

unoccupied Fe 3d states and is very sensitive to the oxidation state and the coordination 146 

environment of Fe [21]. The surface sensitive total electron yield (TEY) spectra (Figure 3A) for 147 

Fe L3 absorption located at 707–710 eV exhibited a typical doublet structure, corresponding to t2g 148 

and eg states, respectively [20]. This forms eg and t2g molecular orbitals, which represent σ and π 149 

Fe–O bonds, respectively [20]. Although the absorption intensity of t2g and eg decreased over 150 

time, suggesting a decrease in Fe concentration of the mineral, the ratio of the peak area (t2g/eg) 151 

was maintained at a rather constant range of 0.60–0.75 throughout the experiments, signaling the 152 
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absence of detectable changes in iron valency and coordination. However, the oxygen K-edge t2g 153 

and eg absorption weakened incongruently (Figure 3B), with t2g/eg declining by a factor of >3 154 

over the 120-h cultivation (Figure 3C). This suggested a sizeable change in the oxygen bonding 155 

environment over time [20]. By comparison, t2g/eg only changed by ~30% for hematite over the 156 

same time period (Figure S4). 157 

 The more pronounced changes in the O K-edge during iron oxide nanomaterial formation 158 

suggested that the chemistry of oxygen rather than iron controlled the peroxidase-mimicking 159 

activity of the FNs. The XAS signals of O K-edge t2g and eg in Fe-based perovskite were 160 

observed to show a dependence on the exerted overpotential, and this relationship was 161 

interpreted as the presence of electron holes that were charge-balanced by the occurrence of 162 

oxygen-vacancies OV [20]. A recent study indeed found that engineered OV in hematite can 163 

promote a surface electrocatalytic process through charge transfer enhancement [22]. Our X-ray 164 

photoelectron spectroscopy (XPS) measurements of oxygen binding energy (Figures 4 and S4) in 165 

the FNs showed a 4-fold increase in intensity at ~532.2 eV and a concomitant decrease at ~530 166 

eV associated with fungal cultivation, closely coupled with the pace of HO• increase in the 167 

system (Figure S3). Note that the peaks at 530 eV and 533.2 eV are assigned to lattice oxygen 168 

(OL) and non-lattice oxygen (ONL), respectively, with the latter being mainly derived from the 169 

contribution of hydroxyl (OH) at surface oxygen vacancy sites (hole, h+) [23]. Interestingly, the 170 

ONL signal in FNs correlated with the HO• concentration in the media (Figures 4C and S4), 171 

suggesting a direct contribution of the surface OH of the mineral to the formation of hydroxyl 172 

radicals. Because of the increasing ONL coinciding with the hematite to ferrihydrite phase 173 

transition during the experiments (Figures 1 and S4), we propose that the peroxidase-like activity 174 
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of the FNs resides in the ability of OV trapping and donating electrons [24] to facilitate charge 175 

transfer between the oxygens in H2O2. 176 

Hyphal Morphologies in the Absence or Presence of Iron Nanoparticles 177 

To examine the effects of iron nanoparticles on fungal hyphae, cryo-SEM images of fungal 178 

biomass were conducted in the absence (Figures 5A and 5B) or in the presence (Figures 5C and 179 

5D) of hematite. Our cryo-SEM images allow analysis of hydrated fungal-mineral samples 180 

(cultivated for 120 h), at temperatures down to —190°C, and clearly showed that the fungal 181 

hyphae were intact after cultivation with hematite. Next, synchrotron radiation transmission X-182 

ray microscopy (SR-TXM) imaging (Figure 5E and Video S1) showed the presence of iron 183 

minerals, pores and fungal hyphae in fungal-mineral aggregates (120 h). To obtain further high-184 

resolution images of fungal-mineral samples (120 h) (Figure 5F), we performed a tilt series of 27 185 

scanning transmission X-ray microscopy (STXM) images with soft X-ray energies at 706 eV and 186 

710 eV, which are below and above the Fe L3 edge, respectively [25, 26]. These STXM images 187 

were rebuilt into 3D volume renderings using nanoscale computed microtomography (Nano-CT) 188 

(Figures 5G and 5H). In high-resolution 3D volume renderings with a 30-nm scale resolution 189 

(Figures 5G and 5H, Videos S2 and S3), Fe minerals with submicron or nanometer particle sizes 190 

were mainly embedded in the EPS matrix, suggesting direct contact or a close physical proximity 191 

between hyphae and Fe particles. Intriguingly, the fungal hyphae were still intact after 120 h 192 

cultivation with hematite. Upon cultivation, fungal biomass increased rapidly over the first 72-h, 193 

with or without the presence of hematite (Figure S5), along with the formation of mineral-194 

mycelial aggregates (Figure 5E and Video S1). After 72 h, the fungus produced ~30% more 195 

biomass per respired organic carbon in the presence of hematite (Figure S5), suggesting that the 196 

presence of hematite provided some benefit to the fungus. To summarize, cryo-SEM imaging, 197 
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high-resolution 3D volume rendering, and fungal biomass analyses confirmed that the organism 198 

was active and capable of the catalytic reactions that we hypothesize confer an advantage to the 199 

organism in terms of protection from oxidative stress (Figure 2) and ensuring the acquisition of 200 

essential iron (Figure 1).  201 

DISCUSSION 202 

Maintaining H2O2 concentrations at subtoxic levels is of paramount importance for microbial 203 

growth and evolution [2, 17]. We deduce that the formation of FNs during H2O2 production [6, 204 

12] reduces H2O2-related oxidative stress and hence alleviates potential cytotoxicity [2], allowing 205 

for more efficient fungal growth (Figure S5). Fungi are known to be capable of utilizing hematite 206 

as an iron source mainly through exudation (e.g., organic acids or siderophores) [27], 207 

extracellular electron transfer [19], or superoxide-mediated Fenton-like reactions [12] and thus 208 

may utilize these strategies to help form FNs. Since the fixation, dehydration, and embedding 209 

procedure may potentially alter iron distribution in the samples [12, 28], iron localization in the 210 

cell as observed by the HAADF-STEM images (white regions in Figures 1G and S2) could be 211 

questionable. However, our NanoSIMS data, obtained without any pretreatment of samples, also 212 

provided direct evidence demonstrating the presence of intracellular Fe (blue dots in Figure 1F), 213 

confirming that iron redistribution may not have been a significant issue in the fixation and 214 

dehydration process. The known interactions between fungi and minerals mainly include mineral 215 

colonization, effects of metabolite excretion, and cell wall–mineral surface processes [27]; this 216 

study has further demonstrated that biogenic ferrihydrite nanoparticles formed through fungal-217 

hematite interactions can act as nanozymes to scavenge hydrogen peroxide for mitigation of 218 

potential cytotoxicity. Furthermore, our evidence from various X-ray spectroscopic analyses 219 
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unequivocally indicated that non-lattice oxygen in the FNs was primarily responsible for the 220 

manifested catalytic activity rather than through the conventional mechanisms of iron redox 221 

chemistry. Although dissolved Fe has been reported to contribute to the removal of hydrogen 222 

peroxide [12, 19], previous observations have also revealed that catalytic reactions on the 223 

nanoparticle surfaces were ~50-fold more effective than dissolved Fenton agents [29], which 224 

highlights the importance of the electronic structure of surface atoms to the catalytic activities of 225 

nanozymes in general. 226 

We further speculate that the utilization of FNs as peroxidase/catalase surrogates may 227 

benefit microbial growth (Figure S5) in multiple ways. First, the biogenic formation of nano-228 

ferrihydrite may be energetically more favourable [30]. Protein synthesis in cells is energy-229 

intensive [31], and although not precisely known, some estimated cell costs run at several kJ per 230 

g protein synthesized (e.g., ~5.4 in chickens [32] and ~8.4 in sea urchins [33]). Taking 40 kDa to 231 

be an average molecular weight of an enzyme, such energy consumption translates to ~105 232 

kJ/mol for peroxidase/catalase synthesis. In comparison, extracellular transformations of 233 

minerals may only need to be affected by byproducts of metabolism such as organic acids, 234 

putting little energy burden on normal growth. In our case, the hematite to ferrihydrite transition 235 

can take place in water with a theoretical energetic cost of only ~33 kJ/mol [34]. Thus, even with 236 

10% of the efficiency of a natural peroxidase, the FNs can still carry out beneficial catalysis at a 237 

fraction of the energy costs required for enzyme synthesis when abundant nanoparticles are 238 

produced. Secondly, because hydroxyl radicals are not only a non-selective strong oxidant but 239 

also play a key role in fungal differentiation and pathogen defense mechanisms [6], organisms 240 

need to regulate the presence of hydroxyl radicals to maintain an optimal biological 241 

concentration while minimize toxic effects on living cells. The weaker catalytic activity of FNs 242 
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relative to natural peroxidase [3] and the ensuing moderate production of hydroxyl radicals may 243 

aid in this process. Further, the mineral nanoparticles may form physical shields on cell surfaces 244 

that would prevent hydroxyl radicals from penetrating [35]. Indeed, both Cryo-SEM analyses 245 

(Figures 5A-D) and high-resolution 3D volume renderings (Figures 5G and 5H) showed that the 246 

fungal hyphae were intact after cultivation. The results from the growth experiments also 247 

indicated that after 72 h of cultivation, the fungi produced ~30% more biomass per respired 248 

organic carbon in the presence of hematite (Figure S5). Thirdly, the formation of hydroxyl 249 

radicals (Figure S3) may expedite the breakdown of recalcitrant soil organic matter, such as 250 

lignocellulosic residues, to facilitate nutrient acquisition in nutrition-poor environments [19]. 251 

Finally, the formation of hydroxyl radicals (Figure S3) during fungus-nanomaterial interactions 252 

may play an essential role in alleviating environmental stress by the attenuation of contaminants, 253 

e.g., degradation of organic pollutants and transformations of toxic metals [36, 37]. The fungus-254 

nanomaterial interactions reported here resonate with some findings for pioneer plants capable of 255 

colonizing metal-rich mine wastes where root-mediated biomineralization controlled zinc 256 

bioavailability, and therefore mineral evolution in the rhizosphere, which has implications for 257 

phytoremediation techniques [38]. 258 

 Given the teragram (Tg)-level abundance of mineral nanoparticles in the Earth system 259 

[8], it is statistically highly probable for some of them, particularly those of biotic origin, to 260 

behave similarly to the FNs as mimetic catalysts. Regardless of the origin of the nanoparticles, 261 

over 100 types of natural and engineered nanomaterials have been reported to possess intrinsic 262 

enzyme-like catalytic activities [3]. As such, a previously unknown feedback route of microbe-263 

mineral coevolution may have revealed itself in the form of mineral nanozymes that could shed 264 

light on long standing issues such as the origin and evolution of life by modulating ROS levels. 265 



14 

 

Because more than two-thirds of mineral species in the Earth’s surface have biological imprints 266 

[39], this current study has emphasized the need for further exploration of microbe-mineral 267 

interactions that will improve our understanding of the coevolution of the early geosphere and 268 

biosphere. 269 
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Figure Legends 285 

Figure 1. Fungal Biotransformation of Hematite to Ferrihydrite Nanoparticles 286 

(A) Changes of mean particle size (<D>) and number (N) of ferrihydrite nanoparticles in media 287 

derived from transmission electron microscopy (TEM). See also Data S1. 288 

(B) Changes in dissolved Fe during the fungal-mineral cultivation. Detailed descriptions of total 289 

and structural Fe2+ are summarized in Table S1 and Data S5. 290 

(C and D) Extracellular polymeric substances (EPS) revealed by scanning electron microscopy 291 

(SEM) and NanoSIMS mapping. See also Figure S1. 292 

(E and F) Embedded Fe-minerals revealed by SEM and NanoSIMS mapping. See also Figure S1. 293 

(G) Cross-sectional view of a hypha obtained using HAADF-STEM. See also Figure S2. 294 

(H-J) Selected area electron diffraction (SAED) pattern of EPS-embedded minerals. See also 295 

Figure S2. 296 

(K) High resolution TEM (HRTEM) image of ferrihydrite nanoparticles. See also Figure S2. 297 

 298 

Figure 2. Enzyme-Like Activities of Biogenic Ferrihydrite Nanoparticles 299 

(A and B) Location of H2O2 (blue in A) and O2•– (brown in B) in hyphae shown by staining. 300 
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(C and D) Progress and yield of the TMB colorimetric reaction catalyzed by 50 ng/mL 301 

horseradish peroxidase (HRP) (C) in comparison to that catalyzed by FNs (D). See also Figure 302 

S3 and Data S2. 303 

(E) Variation of peroxidase-like activity in culture with hematite, hematite + EPS, FNs, and the 304 

abiotic control (i.e., hematite exposed to a pH of 3.6) (n = 3). See also Figure S3 and Data S2. 305 

(F) Relative abundance of H2O2 vs HO• in culture with and without FNs (n = 2 or 3). See also 306 

Figures S3, S4 and Data S4. 307 

 308 

Figure 3. Variation of Local Electronic Structures in Biogenic Ferrihydrite Nanoparticles 309 

(A and B) Time-dependent changes in Fe L-edge (A) and O K-edge (B) X-ray absorption 310 

spectroscopy (XAS) spectra. See also Figure S4 and Data S3. 311 

(C) Time-dependent changes in the relative absorption intensity of the t2g and eg states for Fe and 312 

O. See also Figure S4 and Data S3. 313 

 314 

Figure 4. Production of Non-Lattice Oxygen in Ferrihydrite Nanoparticles Associated with 315 

Fungal-Mineral Cultivation 316 

(A) Rising ONL over time shown by the fine structures of O 1s in XPS spectra. See also Figure 317 

S4 and Data S3. 318 

(B) The relative abundance of ONL to OL. See also Figure S4 and Data S3. 319 
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(C) The correlation of ONL to HO• concentration in the media (n = 3 for HO• concentration). See 320 

also Figure S4 and Data S3. 321 

 322 

Figure 5. Morphology of Fungal Hyphae in the Absence or Presence of Iron Nanoparticles. 323 

(A and B) Cryo-SEM images of fungal biomass in the absence of hematite. Scale bar = 5 µm. 324 

(C and D) Cryo-SEM images of fungal biomass in the presence of hematite (120 h cultivation). 325 

Scale bars = 20 µm (C) or 5 µm (D). See also Figure S5 and Data S5 for changes in fungal 326 

biomass. 327 

(E) Synchrotron radiation transmission X-ray microscopy (SR-TXM) image showing the 328 

presence of iron minerals, pores and fungal hyphae in fungal-mineral aggregates (120 h). Scale 329 

bar = 200 µm. See also Video S1. 330 

(F) TEM image of fungal-mineral culture samples (120 h). Scale bar = 5 µm.  331 

(G and H) Element specific 3D volume renderings for the pre-absorption edge of (G) Fe at E1 = 332 

706 eV; and (H) the absorption edge of Fe at E2 = 710 eV. See also Videos S2 and S3. 333 

 334 

STAR ★ METHODS 335 

STAR ★ METHODS 336 

RESOURCE AVAILABILITY  337 
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Lead Contact 338 

Further information and requests for resources should be directed to and will be fulfilled by the 339 

Lead Contact, Guang-Hui Yu (yuguanghui@tju.edu.cn).  340 

Materials Availability 341 

This study did not generate new unique reagents. 342 

Data and Code Availability 343 

The datasets generated or analyzed during this study are available at Mendeley Data 344 

(http://dx.doi.org/10.17632/wtck8dgdfm.2).  345 

 346 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 347 

Fungal-mineral cultivation 348 

The experimental fungus Trichoderma guizhouense NJAU 4742 was originally provided by Dr. 349 

Jian Zhang (Nanjing Agricultural University) [6]. All experiments were performed in triplicate at 350 

28°C in the dark using potato dextrose agar (PDA) medium [6] with the addition of hematite to 351 

the desired final concentrations. Hematite was synthesized by mixing 2L of 0.002 M HNO3 (98 352 

°C) with 16.16g Fe(NO3)3•9H2O (0.02 M Fe) followed by 7 days of aging at 98°C [40]. At the 353 

conclusion of the synthesis procedure [40], the suspension was dialyzed with deionized water for 354 

3 days to remove impurities and the collected precipitates were vacuum freeze-dried. The fungal-355 
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mineral cultivation experiments were initiated when the liquid medium containing 0.1% (w/v) 356 

hematite was inoculated with T. guizhouense conidia (104 cells mL–1) and incubated in a shaking 357 

incubator (170 rpm) at 28°C. 358 

 359 

Ferrihydrite nanoparticle extraction 360 

Mineral-myceliun aggregate samples, taken at different incubation times (i.e., 0, 24, 48, 72, 96 361 

and 120-h), were first centrifuged at 8000 × g RCF for 5 min to produce mineral pellets that were 362 

subsequently washed with Milli-Q water three times, re-suspended to the original volumes using 363 

ultrasound at 40 kHz and 400 W for 20 min, and centrifuged again at 10000 × g RCF for 30 min. 364 

The supernatant and the mineral pellets produced after the second centrifugation were vacuum 365 

freeze-dried to collect FNs in EPS and the reacted parental hematite, respectively. 366 

 367 

METHOD DETAILS 368 

Peroxidase-like activity measurement 369 

The peroxidase-like activity assays were carried out in 2-mL tubes using 10 µL of 5 mg mL−1 370 

TMB solution in DMSO as the substrate. Each tube contained one mL of test solution containing 371 

either 50 ng horseradish peroxidase (HRP) or 1 mg mineral phase in 0.2 M NaAc-HAc buffer 372 

(pH 3.6). The mineral phases were synthetic ferrihydrite, synthetic hematite, FNs and reacted 373 

hematite fractions, un-fractionated samples (i.e., reacted hematite + FNs), and abiotic control 374 

(i.e., the hematite being exposed to a pH 3.6). Synthetic ferrihydrite was prepared by dissolving 375 
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40 g Fe(NO3)3•9H2O in 500 mL deionized water, followed by the addition of 330 mL 1 M KOH 376 

[40]. To test the effect of pH variations on the catalytic activity of hematite, an abiotic control 377 

experiment was conducted by adding 0.2 M NaAc-HAc buffer, that is a value similar to the pH 378 

environments of the FNs in the cultivation experiments (Figure S3). A blue color was observed 379 

after input of H2O2 (to a final concentration of 50 mM) at 28°C. The solution mixtures were used 380 

for absorbance measurements at 652 nm every 15 s up to 20 min. A sample without addition of 381 

H2O2 or the TMB solution was used as the control. 382 

Nanozyme activity (units) were calculated as follows [41]: 383 

    bnanozyme = V/(ε × l) × (ΔA / Δt)    (1) 384 

where bnanozyme is the activity of the nanozyme expressed in catalytic units that are defined as the 385 

amount of nanozyme that catalytically produces 1 μmol of product per min at 28°C; V is the total 386 

volume of reaction solution (μL); ε is the molar absorption coefficient of the colorimetric 387 

substrate (typically maximized at 39000 M−1 cm−1 at 652 nm for TMB); l is the path length of 388 

light in the cuvette (cm). The quantity ΔA/Δt is the initial rate of change in absorbance at 652 nm 389 

min−1. 390 

 391 

In situ detection of O2
•–, H2O2 and micro-environmental pH of hyphae 392 

Extracellular ROS and its spatial distribution were detected using stains that precipitate on 393 

reaction with ROS [13]. T. guizhouense, grown on PDA plates with an initial pH of 5.6, was 394 

flooded with the desired stains, NBT chloride for O2•– and DAB for H2O2, respectively. The 395 

NBT assay (a mixture of 2.5 mM NBT chloride (Sigma, St Louis, MO, USA) and 5 mM 3-(N 396 
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morpholino) propanesulfonate-NaOH at pH 7.6) reacts with O2•– to form a blue precipitate, 397 

whereas the DAB assay (2.5 mM DAB and 5 purpurogallin unit/mL of horseradish peroxidase 398 

(type VI, Sigma) in potassium phosphate buffer at pH 6.9) forms a brown precipitate on reaction 399 

with H2O2. For both assays, the plates were first incubated with the stains for ~30 min in the 400 

dark, decanted to remove excess reagents, further incubated for an additional 4 h, and finally 401 

imaged using a stereomicroscope (Leica DM 5000B). The molecular probe SNARF4F 402 

(Invitrogen, Paisley, UK) was used at a 5 µM concentration to determine the pH of hypha using 403 

confocal laser scanning microscopy (CLSM) [12]. 404 

 405 

Quantification of HO• and H2O2 in the medium 406 

Terephthalic acid (TPA, non-fluorescent) stock solution (Tokyo, Japan) was added to samples to 407 

a final concentration of 2.5 mM. The fluorescent product that traps HO•, 2-hydroxyl TPA 408 

(HTPA), was quantified using an Agilent 1260 Infinity high-performance liquid 409 

chromatography (HPLC) system (Agilent Technologies Inc., Germany) equipped with a 410 

Fluorescence Detector (G1321B) and a reverse-phase C18 column (Develosil ODS-UG5, 4.6 411 

mm × 250 mm, Nomura Chemical Co., Japan). The concentration of HTPA was used to estimate 412 

the cumulative HO• concentration [42]. 413 

A microtiter plate assay with a detection limit of 5 p mol using 2 μM amplex red (AR) 414 

and 1 kU L−1 HRP as the fluorescence regent was employed to quantify the H2O2 content [43]. In 415 

the presence of HRP, H2O2 reacts with AR with a 1 : 1 stoichiometry to produce fluorescent 416 

resorufin which has absorption and fluorescence emission maxima at 563 and 587 nm, 417 
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respectively. Since this method is only effective at circumneutral pH (~7.5–8.5) [43], we mixed 1 418 

mL of sample with 10 mM phosphate buffer to adjust the pH to ~8 prior to measurements. 419 

 420 

Correlative SEM and NanoSIMS analyses 421 

Fungal-mineral aggregates were dispersed in ethanol and dropped onto a silicon wafer. Then, 422 

the silicon wafer (with samples on it) was air-dried and gold-coated prior to analysis. SEM (Zeiss 423 

EVO18) observation was performed with a 20-kV accelerating potential. For NanoSIMS 424 

(Cameca 50L) analyses, the gold coating layer (~10 nm) and possible contamination of the 425 

sample surface were first pre-sputtered using a high primary beam current [44, 45]. Secondary 426 

ions 12C14N−, 16O− and 56Fe16O− were simultaneously collected by electron multipliers with an 427 

electronic dead time of 44 ns. The presence of the 12C14N− ion was interpreted as representing 428 

organic matter, while that of 16O− and 56Fe16O− were interpreted as minerals and Fe, respectively 429 

[44, 46, 47]. The charging effect resulting from nonconductive mineral particles was 430 

compensated through use of an electron flood gun. Composite multi-element images were 431 

constructed from NanoSIMS images using Image J (version1.45) with the OpenMIMS 432 

(http://www.nrims.hms.harvard.edu/NRIMS_ImageJ.php) plugin. 433 

 434 

TEM and cryo-SEM analyses 435 

Fungal-mineral aggregates were dispersed in water, dropped onto carbon-coated copper grids, 436 

and air-dried. TEM images were recorded using a JEM-1400 PLUS microscope at an 437 

accelerating voltage of 120 keV. The mean particle size (<D>) and the number (N) of 438 
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nanoparticles were obtained from TEM imaging and particle-size distribution analysis using 439 

Image J (NIH) [48, 49]. 440 

 To locate the nanoparticles in samples, fungal-mineral aggregates after 120-h cultivation 441 

were fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer (CB) at pH 7.4 and room 442 

temperature for 1 h, washed three times in CB, and post-fixed in 1% osmium tetroxide in CB for 443 

1 h at room temperature. The product material was then embedded in 2.5%(w/v) agarose and 444 

dehydrated in a graded ethanol series (30%, 50%, 70%, 90%, and 100%) for 30 min at each step 445 

before embedding in Epon resin by standard procedure [28]. Ultrathin sections (70 nm- and 30 446 

nm- for electron microscopy) were cut on a Leica ultramicrotome using a diamond knife 447 

(Diatome), transferred onto carbon-coated films on copper grids, and stained for 10 min using 448 

1% uranyl acetate in water. HRTEM images, HAADF-STEM, EDS, and SAED were collected 449 

using a FEI Tecnai F20 microscope. 450 

Samples were prepared in a liquid nitrogen cooled-cryo preparation system (PP3010) that 451 

allows operation at temperatures down to −190°C. The preparation chamber was maintained at 452 

high vacuum and fitted with a cold stage on which the sample rested during manipulation (such 453 

as cold fracturing, sublimation, and carbon coating). Once prepared, the sample was transferred 454 

to the cold stage in the SEM (Hitachi SU8010) through a chamber port for further analysis under 455 

cryogenic conditions. 456 

 457 

XAS and XPS analyses 458 
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XAS measurements were performed using beamline BL02B02 of the SiP·ME2 platform at the 459 

Shanghai Synchrotron Radiation Facility (SSRF) in the surface sensitive TEY mode. This mode 460 

corresponds to a probe depth of approximately 10 nm [50]. The bending magnet beamline 461 

provided photons with energy range from 50 to 2000 eV. The photon flux was about 1011 462 

photons s−1 and the energy resolving power was up to 13000. The beam size at sample was set to 463 

150 µm × 50 µm [51]. Samples (FNs, and hematite before and after reaction) were ground into 464 

fine powders and mounted on indium foil. A gold-coated screen was used to measure the 465 

incident beam intensity (I0). XAS spectra were collected by measuring the sample current and 466 

normalizing to I0. The spectral energy was varied from 700 to 730 eV in 0.1 eV steps (dwell time 467 

1 s) for the Fe L edge, and 520 to 560 eV in 0.2 eV steps (dwell time 2 s) for the O K-edge. 468 

Experiments were carried out at room temperature in an ultrahigh vacuum chamber with a base 469 

pressure better than 1 × 10−9 Torr. All XAS spectra normalization was carried out using 470 

ATHENA software [52]. The background was removed from the spectra by fitting a line to the 471 

pre-edge range between 520 and 524 eV for oxygen and between 703 and 706 eV for iron. The 472 

peaks were fitted by Gaussian curves using the “multiple peak fit” tool in Origin 9.1 [53]. 473 

XPS data were recorded using a PHI5000 Versa Probe (ULVAC-PHI) equipped with an 474 

Al Kα source (1486.6 eV). The C 1s signal centered at 284.8 eV was used as an internal 475 

reference for the absolute binding energy. Data processing and peaks fitting were carried out 476 

using CasaXPS (version 2.3) software. 477 

 478 

Three-dimensional volume rendering of the fungal-mineral aggregates 479 
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The fungal-mineral aggregates obtained after 66 h cultivation were analyzed using synchrotron 480 

radiation X-ray Nano-CT at beamline 4W1A of the Beijing Synchrotron Radiation Facility 481 

(BSRF). Small gold particle fiducial markers were placed on top of the sample to correct sample 482 

drift during the 3D reconstruction. The micro-CT (µ-CT) experiments were performed using a 483 

hard X-ray transmission X-ray microscope (TXM). The imaging process of TXM was as 484 

follows: an elliptically shaped capillary condenser was used to focus the incident X-rays onto the 485 

sample, and a zone-plate objective was used to magnify the sample images which were finally 486 

recorded by a 1024 × 1024 CCD camera. The actual pixel size on the projected images was 64 487 

nm after 45× magnification of X-rays by the zone-plate and 20× magnification of visible light by 488 

the camera lens. Additionally, a phase ring was placed on the back focal plane of the zone-plate 489 

to provide Zernike phase contrast [54]. The sample on a pin was placed in a holder in the 490 

vacuum chamber and rotated from -90° to 90° with rotational steps of 0.5° and an exposure time 491 

of 15 s at a photon energy of 8 keV. A total of 361 raw images were acquired, amounting to 492 

about 2 h for one sample. Results were obtained after additional steps of data processing 493 

included background deduction, alignment, and computed tomography reconstruction using the 494 

software packages TXM Controller and TXM Reconstructor. 495 

To obtain high-resolution 3D structural information of hyphae and iron minerals, fungal-496 

mineral aggregates after cultivation for 66 h were dispersed in water and then divided into two 497 

portions. The dispersed hyphae were dropped on a copper grid and air-dried. Then, the air-dried 498 

sample was placed in a vacuum chamber and analyzed by elemental specific X-ray Nano-CT at 499 

the BL08U1-A beamline of SSRF in Shanghai, China. X-rays were focused by an elliptical 500 

capillary condenser. Coupled with a micro-zone plate, the whole system can perform absorption 501 

imaging with X-ray energies: the pre-absorption edge of iron at E1 = 706 eV and the absorption 502 
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edge of iron at E2 = 710 eV, to scan the sample from —69 o to 69 o with a spatial resolution of 30 503 

nm and exposure time of 2 ms [25]. In total, a tilt series of 27 images were collected. Each 504 

individual X-ray image in the tilt series was phased to obtain a high resolution 2D image. The 505 

series of the 2D images was aligned to the tilt axis with the center of mass technique, and was 506 

then reconstructed to obtain a 3D image by the equally sloped tomography method [25]. 507 

 508 

Fungal biomass analysis and chemical analysis 509 

Mycelia were dispersed by ultrasound, washed with Milli-Q water, and collected by filtration 510 

through a 0.45 µm polytetrafluoroethylene (PTFE) filter, followed by oven drying (65°C) before 511 

being ground into powder. The organic carbon and nitrogen content of the powdered biomass 512 

was analyzed using a vario MACRO cube elemental analyzer (Elementar Inc.) and calibrated 513 

using a sulfanilamide standard (Elemental Microanalysis, Germany) with 41.81 wt.% carbon 514 

[55]. 515 

Medium samples were centrifuged at 10000 × g RCF for 5 min, filtered through a 0.45 516 

µm pore size PTFE filter, and analyzed by inductively coupled plasma-atomic emission 517 

spectroscopy (Agilent 710/715 ICP-AES) for dissolved Fe. The concentration of Fe2+ was then 518 

measured by the ferrozine assay [56]. Briefly, one mL of the samples was added to 1 mL of 0.1 519 

M HCl and extracted for 15 min. The mixture was centrifuged and the supernatants were 520 

collected for determination of total Fe2+. For the analysis of the dissolved Fe2+, one mL of the 521 

samples was taken and centrifuged to obtain the supernatants. Structural Fe2+ included both 522 

sorbed Fe2+ and particulate Fe2+, and its concentration was obtained by subtracting dissolved 523 

Fe2+ from total Fe2+. For FTIR analysis, samples were prepared as a mixture of 1 mg freeze-dried 524 
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ferrihydrite nanoparticles and 100 mg potassium bromide (KBr, IR grade), and this mixture was 525 

then ground and homogenized to obtain FTIR spectra using a Nicolet 370 FTIR spectrometer. 526 

Zeta potential, a measure of the surface charge of ferrihydrite nanoparticles, was quantified by a 527 

Malvern Zetasizer (Nano Z, Malvern, UK). 528 

 529 

QUANTIFICATION AND STATISTICAL ANALYSIS 530 

Statistical differences between data were assessed using one-way analysis of variance (ANOVA) 531 

and windows-based SPSS software (version 16.0) (SPSS). Significance was determined using 532 

one-way ANOVA followed by Tukey’s HSD post hoc tests, where conditions of normality and 533 

homogeneity of variance were met. Means ± S.D. (n = 3) in Figures and Tables indicate 534 

significant differences between treatments at P < 0.05. 535 

 536 

Videos S1-S3 537 

Video S1. The microstructures of fungal-mineral aggregates observed using synchrotron 538 

radiation transmission X-ray microscopy (SR-TXM). SR-TXM shows the presence of iron 539 

minerals, pores and fungal hyphae. Related to Figure 5E. 540 

Video S2. Elemental specific 3D volume renderings for the pre-absorption edge of Fe at E1 541 

= 706 eV, which indicates that iron was not present in the samples. Related to Figure 5G. 542 

Video S3. Elemental specific 3D volume renderings for the absorption edge of Fe at E2 = 543 

710 eV, indicating the distribution of iron (green) in the samples. Related to Figure 5H. 544 
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