
lable at ScienceDirect

Soil Biology & Biochemistry 113 (2017) 71e79
Contents lists avai
Soil Biology & Biochemistry

journal homepage: www.elsevier .com/locate/soi lb io
SoilChip-XPS integrated technique to study formation of soil
biogeochemical interfaces

Xizhi Huang a, b, Yiwei Li c, Bifeng Liu c, Georg Guggenberger a, d, Olga Shibistova d, e,
Zhenke Zhu a, Tida Ge a, **, Wenfeng Tan f, Jinshui Wu a, *

a Key Laboratory of Agro-ecological Processes in the Subtropical Region, Institute of Subtropical Agriculture, The Chinese Academy of Sciences, Changsha
410125, China
b University of Chinese Academy of Sciences, Beijing 100049, China
c Britton Chance Center for Biomedical Photonics at Wuhan National Laboratory for Optoelectronics e Hubei Bioinformatics & Molecular Imaging Key
Laboratory, Systems Biology Theme, Department of Biomedical Engineering, College of Life Science and Technology, Huazhong University of Science and
Technology, Wuhan, PR China
d Institute of Soil Science, Leibniz Universit€at Hannover, 30419 Hannover, Germany
e VN Sukachev Institute of Forest, Russian Academy of Sciences - Siberian Branch, Akademgorodok, 660036 Krasnoyarsk, Russia
f Key Laboratory of Arable Land Conservation (Middle and Lower Reaches of Yangtze River), Ministry of Agriculture, College of Resources and Environment,
Huazhong Agricultural University, Wuhan 430070, China
a r t i c l e i n f o

Article history:
Received 15 October 2016
Received in revised form
23 May 2017
Accepted 24 May 2017
Available online 10 July 2017

Keywords:
Lab on a chip
Mollisol
Oxisol
Soil biogeochemical interface
SoilChip
X-ray photoelectron spectroscopy
* Corresponding author. Institute of Subtropical Ag
Sciences, No. 644, Mapoling of Changsha City, Hunan
** Corresponding author. Institute of Subtropical Ag
Sciences, No. 644, Mapoling of Changsha City, Hunan

E-mail addresses: huang.xizhi@163.com (X. Huang
isa.ac.cn (J. Wu).

http://dx.doi.org/10.1016/j.soilbio.2017.05.021
0038-0717/© 2017 Published by Elsevier Ltd.
a b s t r a c t

Many soil functions are modulated by processes at soil biogeochemical interfaces (BGIs). However,
characterizing the elemental dynamics at BGIs is hampered by the heterogeneity of soil microenviron-
ments. In order to investigate the processes of BGI formation in an upland soil (Mollisol) and a paddy soil
(Oxisol), we developed a SoilChip method by assembling dispersed soil particles onto homogeneous 800-
mm-diameter microarray chips and then submerging them in a solution that contained dissolved organic
matter (OM) extracted from one of the two soils. The chips with Mollisol particles were incubated at 95
e100% humidity, whereas the chips with Oxisol particles were incubated at 100% humidity. Dynamics of
individual elements at the soils' BGIs were quantitatively determined using X-ray photoelectron spec-
troscopy (XPS). Distinct differences in the soil-microbe complexes and elemental dynamics between the
Mollisol and Oxisol BGIs suggested that the formation of specific BGIs resulted from the complex
interaction of physical, chemical, and microbial processes. By integrating the SoilChip and XPS, it was
possible to elucidate the dynamic formation of the two different soil BGIs under standardized conditions.
Therefore, the SoilChip method is a promising tool for investigating micro-ecological processes in soil.

© 2017 Published by Elsevier Ltd.
1. Introduction

Soil biogeochemical interfaces (BGI) within the three-
dimensional soil structure are considered unique and represent
complex hotspots of microbe-soil interactions (McClain et al., 2003;
Chorover et al., 2007; Totsche et al., 2010). The formation of BGIs
can alter the physical-chemical properties of soil, such as its
riculture Chinese Academy of
Province, PR China.
riculture Chinese Academy of
Province, PR China.
), gtd@isa.ac.cn (T. Ge), jswu@
wettability, for which changes can result in the formation of pref-
erential water flow, thus affecting the transport and fate of dis-
solved compounds, clay minerals, and microorganisms (Goebel
et al., 2011). Furthermore, in addition to the association of mi-
crobes with the BGIs of primary and secondary particles, microbes
also transform and decompose organic matter (OM) and secrete
extracellular polymeric substances (EPS) to modify their environ-
ment (Gleixner, 2013; Kleber et al., 2015).

The chemical extraction methods that have traditionally been
used to investigate the biogeochemical behavior of elements
obscure the details of microbe-soil interactions (Lehmann and
Kleber, 2015). Furthermore, soil fractionation techniques, which
are based on the operational separation procedures for bulk soil
samples, will also homogenized the microenvironment of the
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microbial habitat, and are not suited to investigate the linkages
between habitat architecture and biological functioning (Six et al.,
2004; Young and Crawford, 2004). Recently, advances in non-
destructive techniques for soil microaggregate analysis have
enriched our understanding of elemental cycling traits in soil at the
microscale (Wan et al., 2007; Remusat et al., 2012). For example, the
use of nanoscale secondary ion mass spectrometry (NanoSIMS)
revealed that fresh OM preferentially attaches to partially rough
surfaces (Vogel et al., 2014). Lehmann et al. (2008) used near-edge
X-ray fine structure spectroscopy (NEXAFS) to illustrate that the
nanoscale carbon species distribution of OM exhibited significant
heterogeneity at specific mineral surfaces. However, most soil
surface characteristics are investigated using one-time snapshot
measurements, which are of limited use for assessing the dynamic
mechanisms of multi-element cycling and microbe-mediated
transformations at the microsite scale (Lützow et al., 2006;
Lehmann and Kleber, 2015). Thus, mineral-OM-microbe in-
teractions at the soil BGI are still poorly understood (Huang et al.,
2005; Chorover et al., 2007; Totsche et al., 2010; Mueller et al.,
2013; Sparks, 2015). There is growing concern regarding the
importance of microscale and dynamic processes at the soil BGI,
which could unravel the linkage between physical-chemical and
biological processes within the continuum of soil-microbe in-
teractions (O'Donnell et al., 2007; Kuzyakov et al., 2009; Remusat
et al., 2012).

The development of “lab on a chip” techniques, such as micro-
fluidics and microfabrication, has facilitated the microscale
confinement of small objects, such as bacterial populations and
cells, and has provided powerful tools for exploring microscale and
dynamic processes (Weibel et al., 2007; Wessel et al., 2013). For
example, Kim et al. (2008) used microfluidics to co-culture mi-
crobes and clearly demonstrated that a proper spatial distribution
stabilized multi-species bacterial communities. In addition, Valiei
et al. (2012) used microfluidic porous media mimics, in which an
array of polydimethylsiloxane (PDMS) microposts were embedded
in a microchannel, to monitor the behavior of microbe trans-
portation in a soil pore system and found that hydrodynamics
govern the formation, morphology, and distribution of biofilm
streamers. Moreover, novel devices such as the RootChip and
PlantChip, which take advantage of miniaturization for handling
small volumes of liquids, have been developed for plant cell anal-
ysis, thus facilitating large-scale investigations of root metabolism
and signaling (Grossmann et al., 2011). These applications suggest
that “lab on a chip” techniques could also be useful for mimicking
soil processes.

Inspired by the complex and adaptive nature of soils, in which
mineral particles, OM, and microbes self-organize into complex
aggregates, and the structural dynamic evolves with changing
microenvironments (e.g., available C, nutrients, or water; Oades
and Waters, 1991; Young and Crawford, 2004; Jozefaciuk and
Czachor, 2014), we applied a controllable microfluidic method to
reconstruct a soil suspension, inwhich all the bulk soil components
were included, onto homogeneous microarray chips, which were
then submerged in dissolved organic matter (DOM) to initiate soil
BGI processes. For the tracking of multi-element dynamics at the
soil surface, the SoilChip was coupled with X-ray photoelectron
spectroscopy (XPS), a sensitive surface detecting method with a
penetrating depth of <5e10 nm, which is perfectly suited for
investigating mineral surfaces (Amelung et al., 2002; Woche et al.,
2017). We tracked temporal dynamics of the BGI formation and
modification through the different sampling time during the 21-
d incubation and followed by XPS measurements.

Our objective was to develop a SoilChip method to mimic a soil
microenvironment that could be used to assess the heterogeneous
and temporally dynamic properties of microinterfaces. By
comparing two different soils, a Mollisol and an Oxisol, we aimed to
elucidate the effects of different interface and solute compositions
on BGI formation.

2. Materials and methods

2.1. Soil sample characterization

Two contrasting soil samples were used for our experiments: a
Mollisol from a long-term fertilization trial at Gongzhuling, Jilin
Province, China, and an Oxisol from a continuous (>30 years) rice
plantation at the Taoyuan Station of Agro-ecology Research in
Hunan. The top layer (0e20 cm depth) of both soils was sampled,
air dried in the laboratory for one week, gently crushed with a
wood rolling pin, and then passed through a 2-mm sieve. Visible
organic residues were then removed from the samples using for-
ceps, after which the physicochemical properties of the soil sam-
ples were determined using standard procedures (Li et al., 2008;
Chen et al., 2012; Table S1).

2.2. Soil suspension preparation and DOM extraction

The two soils were pre-incubated in the dark for one week at
45% water holding capacity and a constant temperature of 25 �C, in
order to allow the microorganisms to recover to their normal ac-
tivity levels. After pre-incubation, each soil was divided into three
parts, for 1) assembly of soil microaggregates on the SoilChip, 2)
DOM extraction, and 3) micro interface analysis of the soil aggre-
gate. Fresh field soil (1 g d.w. equivalent) was vortexed (800 r
min�1) in 3 ml distilled water for 2 min, sonicated at 60 W min�1

for 3 min (Biosafer1000; Biosafer, Nanjing, China) to disperse soil
macroaggregates, and passed through a <0.25-mm sieve to remove
particulate OM. The particle size distribution of the suspensions
was determined using a Mastersizer 3000 (Malvern Instruments,
Worcestershire, UK). To strengthen the structure of the micro-
aggregates assembled on the SoilChip, polyvinyl alcohol (PVA) was
added to the soil suspensions (500:1 mass ratio of PVA and soil) to
act as an organic cement (Cai et al., 2013).

To construct the soil microenvironment, DOM solutions were
extracted from the two incubated soils and used to cover the soil
microarrays. The solutions were prepared by mixing fresh soil
(1 g d.w. equivalent) with double distilled H2O at a soil:water ratio
of 1:2 (volume:mass), sonicating the samples at 120 W min�1 for
3 min, obtaining supernatants by centrifugation at 8800 � g for
4 min, and pressure filtering the supernatants through 0.2-mm
polysulfone membranes (Whatman, Inc., Springfield Mill, UK) to
remove microbial bio- and necromass and clay particles. The
organic carbon (OC) concentrations of the DOM solutions were
measured using a TOC-5050A total organic C analyzer (Shimadzu,
Kyoto, Japan).

2.3. SoilChip construction

To obtain a controllable and uniform soil interface, microfluidic
devices with hydrophilic microarrays for depositing the soil parti-
cles were produced using oxygen plasma modification (Li et al.,
2016). Briefly, a stamp of PDMS with 800 mm-diameter cylindrical
wells was produced using standard soft lithography methods
(Fig. 1a; Weibel et al., 2007). Then, the PDMS stamp and a clean
glass slide were modified into super hydrophilic interfaces using
low-oxygen plasma exposure treatment for 1 min (PDC-GC-M;
Weike Spectrum Instrumental Technology Development Co., Ltd.,
Chengdu, China). Thereafter, the PMDS was quickly sealed to the
glass and torn off. Areas of the glass that were coated with PDMS
film became hydrophobic, whereas those without PDMS remained



Fig. 1. SoilChip setup. a) A polydimethylsiloxane (PDMS) stamp with 800 mm-diameter cylindrical wells was produced using standard soft lithography, and the clean glass and
PDMS stamp were treated using oxygen plasma modification. Afterward, the PDMS stamp was printed on the glass and quickly removed by hand, resulting in the formation of a
hydrophilic microarray. b) A capillary needle was produced using a stretching machine, and the needle was ground to provide an opening of 300e500 mm. Then, using capillary
force, the needle was filled with the soil suspension. c) Printing occurred as the needle contacted the hydrophilic areas. After the water evaporated, the soil microarray was covered
with dissolved organic matter from the same soil, resulting in a fully constructed SoilChip. Subsequently, the SoilChip was incubated under constant moisture and dark conditions.
For surface analysis, the dissolved organic matter was removed from the SoilChip by gravity force, and the soil was air-dried for measurement.
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hydrophilic and served as the microarrays for the soil suspension.
Although areas of PDMS were introduced in the soil microenvi-
ronment, previous studies have shown that PDMS, a kind of non-
polar and biocompatible material, does not sorb much polar DOM
(Sapsford and Ligler, 2004). Hence, DOM sorbed on the soil dots
should represent the total DOM. Further, no toxicity is reported for
microbial deposition and growth (Weibel et al., 2007). Thus, we
consider that the limited area of PDMS film did not alter soil con-
ditions, thereby impacting processes associated with BGI
formation.

For printing (Fig. 1b), a borosilicate glass capillary (OD: 1.0 mm,
ID: 0.78 mm, length: 10 cm; Sutter Instrument Company, Novato,
CA, USA) was manufactured into a needle using a needle puller (PN
- 30; Narishige, Tokyo, Japan). The tip was ground to a diameter of
300e500 mm so that the soil suspension could easily flow out when
the needle came in contact with the array's hydrophilic areas. The
soil suspension flowed into the glass capillary needle by capillary
force, and afterward, droplets were printed across the glass sub-
strate to form microarrays. As the water evaporated, the soil
microparticle arrays self-assembled at the defined hydrophilic
sites, resulting in 8 � 8 soil microarrays (single dot size: 800 mm
diameter and ~50 mm height). Finally, the soil microarrays for each
soil type were covered with 0.15 ml DOM solution that was
extracted from the same respective soil (Fig.1c), andwere put into a
Petri dishes with water.

Subsequently, the SoilChip setup was incubated for 21 d in a
dark container at 25 �C. Since the land use of the two soils was
different, the Mollisol and Oxisol chips were incubated at different
levels of humidity. The Oxisol chips were incubated at 100% relative
humidity, conditions under which our preliminary experiments
indicated that no significant amount of water was lost from the
SoilChip, whereas the Mollisol chips were incubated under dy-
namic humidity conditions (~95e100%) at 25 �C and in a container
with a fan, conditions under which half of water gradually evapo-
rated from the SoilChips during the 21-d incubation.

Since microinterface changes can occur rapidly at the beginning
of such incubations, we sampledmore intensively at the start of the
experiment and at longer time intervals thereafter. During sam-
pling, the excess DOM solution on the SoilChip was removed by
gravity, and the thin film of water that remained mimicked the
soil's natural field capacity. Thereafter, the microarray samples
were air-dried at 45 �C for 30 min in preparation for direct surface
analysis.
2.4. Surface characterization

Weused scanning electronmicroscopy (SEM; Nova NanoSEM50,
FEI, Netherlands) to analyze the morphology of the assembled
surfaces and microbes, and microbial cells were distinguished us-
ing both morphology and the detection of C concentration by en-
ergy dispersive X-ray spectroscopy (EDX; New XL-30; Philips,
Mahwah, NJ, USA; Kaiser et al., 2002).

For XPSmeasurement, air-dried soil aggregates and freeze-dried
DOM were fixed using the traditional double-sided adhesive tape
method. To eliminate the effect of the microarrays' heterogeneity
on the XPS measurements, a 300 � 500-mm area of each dot was
randomly chosen and analyzed using an AXIS-ULTRA DLD-600W
apparatus (Kratos, Manchester, UK), as described previously
(Mikutta et al., 2009). Briefly, wide-scan spectra with a 0.4 eV step,
covering a binding energy (B.E.) range from 0 to 1250 eV, were
obtained, and mass ratios of Al, Fe, C, O, N, Na, Mg, Ca, and Si were
calculated from the areas of the Al 2p, Fe 2p, C 1s, O 1s, N 1s, Na (KLL



Fig. 2. Homogeneous morphology of soil surfaces on the SoilChip. (a) and (b) Scanning electron microscopy (SEM) images of two replications of self-organized soil particles on the
SoilChip, with 100-mm scale bars. (c) and (d) Details from (a) with 10- and 2-mm scale bars, respectively.
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Auger), Mg (KLL Auger), and Si 2s peaks, respectively, using
experimentally determined atomic sensitivity factors. Sample
charging during analysis was corrected based on the maximum
principal C1s sub-peak centered at 284.8 eV. In addition, the Si 2p/Si
2s ratio for the eight soil microarray samples was used to verify the
method's accuracy; the ratio ranged from 0.97 to 1.03 (1.00 ± 0.02,
n ¼ 8), which was within acceptable limits (Yuan et al., 1998). To
analyze the chemical state of the C and N, narrow-scan spectra of
C1s and N1s with a 0.05 eV step were obtained. The survey and
narrow-scan XPS analyses of soil surfaces on the SoilChips in
different periods of incubation were carried out in duplicate or
triplicate.
3. Results

3.1. Homogeneous and durable soil microinterface production

The size distribution of the soil particles, which were <50 mm in
diameter (Fig. S1), indicated that the combination of vortexing and
ultrasound treatment was an efficient method for obtaining ho-
mogeneous soil suspensions. After the soil suspensions were
assembled into microarrays on the chips, the surface of the Oxisol
chip was analyzed, as an example. The resulting SEM images indi-
cated that each soil dot on the Oxisol SoilChip possessed homo-
geneous surfacemorphology and rim shape (Fig. 2a and b). The area
around the soil dots (Fig. 2a and b) represented the PDMS-coated
region. Owing to the self-assembly of the soil suspensions, micro-
scale heterogeneity (e.g., concerning pores <30 mm) was still
observed within each soil dot (Fig. 2c and d), which was consistent
with the soil particle size distribution (Fig. S1). The morphology of
the Mollisol dots on the soilchip is as similar as the Oxisol. To
reduce the small-scale variability of elements at the soil micro-
surfaces, a 300 � 500-mm area, was randomly selected for XPS
measurement.
No significant (p < 0.001) changes were observed in the con-
centrations of elements at the BGIs with the addition of <0.2% PVA
(Table S3), and the chemical states of both C and N also remained
unchanged (Fig. S3), which is consistent with previous reports (Cai
et al., 2013). However, the addition of PVA significantly enhanced
the mechanical stability of the soil microarray, which allowed the
SoilChip to be incubated for more than one month without being
destroyed by the surface tension associated with dehydration.
3.2. Reliable use of the SoilChips for XPS analysis

At the newly assembled soil surfaces, almost all elements with
relative mass concentrations of >0.5% exhibited relative standard
deviations (RSD) of <10% at the XPS measurements for both soil
types (Table 1), which is consistent with previous reports that the
accuracy of XPS quantitative analysis can reach 10% (Arnarson and
Keil, 2001; Yuan et al., 1998). Elements with concentrations below
0.5%, such as P and S in the Mollisol and P and Ca in the Oxisol
(Table 1), possessed greater variation, and in the Oxisol, the RSD for
Al was relatively large (13%), despite having a concentration of 10%.
Accordingly, heterogeneity in element concentration arose from
both analytical error and heterogeneity in the element distribution
on the micro-array. However, according to previous studies
(Arnarson and Keil, 2001; Yuan et al., 1998), a RSD of elements for
XPS measurement <14% is acceptable, thus indicating a quite good
elemental homogeneity of the soil dots in the present study. The
heterogeneity of the OM composition on the soil microarrays was
assessed according to the C and N binding states. Four C species of C
1s were quantified at the SoilChip surface (Fig. S2a, b and c) and
were attributed to aliphatic carbon (C-H and C-C; 284.8 eV and
285.5 eV), alcohol carbon (C-O and C-N; 286.5 eV), amide carbon
(O¼C-N; 288 eV), and carboxylic carbon (O¼C-O-; 289.3 eV;
Chastain et al., 1995). Comparison of the high-resolution C 1s
spectra of three replications indicated that every new surface



Table 1
The elemental composition of SoilChip surfaces before incubation.a

Elements (%) C N Fe S Mg Si Al P K O Ca

Mollisol 22.2 0.4 1.3 0.4 0.3 33.0 8.0 0.4 0.4 32.4 0.8
21.4 0.3 1.6 0.2 0.3 31.7 7.7 0.0 0.4 34.6 1.0
20.8 0.3 1.3 0.2 0.5 32.3 8.9 0.3 0.3 33.6 1.1

Mean values 21.5 0.4 1.4 0.3 0.3 32.3 8.2 0.2 0.4 33.5 1.0

RSD (%) 2.7 8.4 8.5 38.5 23.9 1.6 6.4 70.9 13.2 2.7 11.3

Oxisol 19.6 0.3 1.1 0.4 0.1 32.8 11.7 0.3 0.2 33.3 0.3
19.8 0.4 1.0 0.3 0.2 32.9 9.9 0.2 0.3 34.7 0.3
23.2 0.3 1.3 0.4 0.2 34.6 8.5 0.1 0.4 30.8 0.2

Mean values 20.9 0.4 1.1 0.4 0.2 33.4 10.0 0.2 0.3 32.9 0.3

RSD (%)* 8.0 9.6 11.2 8.8 19.7 2.5 13.0 45.5 17.6 5.0 15.0

a Assessed by X-ray photoelectron spectroscopy. RSD: relative standard deviation (n ¼ 3).

Fig. 3. Variation in the element contents at the soil biogeochemical interface during
the 21-d incubation of the Oxisol as determined by X-ray photoelectron spectroscopy.
Red dashed line indicates 15% relative standard deviation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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assembled on the SoilChip possessed similar chemical properties
(Table S2). This is also supported by the N 1s spectra (Fig. S2d, e and
f), where similar peaks at 400.2 eV (amine/amide N and protonated
amines) and at 401e402 eV (quaternary N) were observed on the
triple Oxisol surfaces (Chastain et al., 1995).

The reliability of the SoilChip method for quantifying elemental
dynamics during BGI formation was verified on the Oxisol surface.
The RSD of almost all elements (C, N, Fe, S, Mg, Si, Al, P, K, O, and Ca)
were used to assess the heterogeneity of elements at the BGI during
the 21-d incubation. The RSD values of most of the main elements
(concentration >0.5%) were <15% (black dashed line; Fig. 3), a level
considered acceptable for the continuous tracking of element dy-
namics at the BGI.

3.3. Undisturbed soil-microbe complex on the SoilChip

After 13 d of incubation, stick-like objects of different sizes
emerged at the soil surfaces (Fig. 4a and c), and energy dispersive X-
ray spectroscopy (EDX) revealed that the objects on the Mollisol
surface (e.g., site 1 in Fig. 4a) had a higher mass ratio of C/Si (57.8%/
7.1%) than the adjacent surfaces (e.g., site 2 in Fig. 4a and b; 9.1%/
20.3%). Therefore, it was reasonable to assume that these features
represented microbial biomass or necromass. Soil-microbe com-
plexes formed during the incubation, as well, and the progression
of microbial activity on the SoilChip was reflected by the temporal
development of the C/N ratios (Fig. 4d). In theMollisol, the C/N ratio
decreased sharply after the start of the incubation, so that, after 3 d,
the C/N ratio of the Mollisol BGI had declined from 65 to 7.7, which
is close to the bulk soil's C/N ratio of 8.4 (Table S1). However, after
the 21-d incubation, the C/N ratio gradually increased again to 19.
In contrast, the Oxisol exhibited amuch slower reduction in the C/N
ratio, decreasing from 59.4 to 20.0 after 3 d of incubation and to
16.3 after 21 d.

3.4. Dynamics of elemental interactions at the BGIs

At the BGIs of both soil types, the elemental dynamics indicated
that inorganic surfaces, represented by Si and Al, decreased with
incubation time, whereas C and N increased, as a result of the
accumulation of OM (Fig. 5aed). However, the extent of the organic
and inorganic interaction during the BGI formation of the two soils
was markedly different. For the Mollisol, Si declined from 32 to
6.3%, and Al and Fe nearly disappeared after 21 d of incubation,
whereas C continuously increased to 51% (Fig. 5a and b). In contrast,
for the Oxisol Si and Al together decreased by 12.5%, whereas Fe
remained unchanged, and C increased to only 26.2%. In addition,
after 21 d of incubation, N at the BGIs of the Mollisol and Oxisol
reached concentrations of 2.8 and 1.9%, respectively (Fig. 5e and f),
which clearly indicated that the BGIs of both soils were enriched in
N, as compared to the content of bulk soils (Table S1) and the
original aggregate surfaces (Table S4). During incubation, the Ca
concentration at the Mollisol BGI was enriched from 0.8% to 2.4%,
whereas the Ca concentration at the Oxisol BGI remained un-
changed <0.3% (Fig. 5e and f). This observation is related to the
much higher contents of exchangeable Ca in the Mollisol (Table S1),
which implies that the two soils also underwent contrasting
pedogenetic development processes.

4. Discussion

In the present study, we tested whether a “Lab on a Chip”
approach is useful for studying soil processes. We first investigated
whether the principle approach is feasible, by providing stable and
relatively homogenous surfaces that can be used in incubation
experiments, and then used the method to investigate the forma-
tion processes of BGIs in two different soil types.

4.1. Soil microenvironment construction

The soil surface on the SoilChips possessed acceptable homo-
geneity with respect to morphology (Fig. 2), element concentra-
tions (Table 1), and the chemical state of C 1s and N 1s (Fig. S2;
Table S2). Thus, the self-assembly of dispersed soil on the



Fig. 4. Formation of the soil-microbe complex on the SoilChip. (a) and (c) SEM images of the Mollisol and Oxisol biogeochemical interfaces, respectively, after incubation of 13 d. (b)
Energy-dispersive X-ray spectroscopy data, confirming much higher carbon contents of the microbial biomass at the interface (site 1) than in soil particles without microbes (site 2).
(d) The development of the C/N ratio of the biogeochemical interfaces over the course of the incubation also indicated microbial processes. The error bar calculated by three samples
measurement, except some point of Mollisol samples with two replicated measurements.
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hydrophilic microarrays is an excellent method to produce quite
homogeneous and stable soil microsurfaces.

The RSD of element contents varied between 1.6% and 13% for
major elements (mass concentration >0.5%; Table 1), of which
about 10% can be attributed to the analytical error of XPS mea-
surements (Yuan et al., 1998), and, consequently, only a minor part
of the variation was due to the not completely homogenous
element distribution on the soil surface. The relative larger het-
erogeneity of Al in the Oxisol compared to the Mollisol (Table 1)
was likely due to a not entirely complete soil dispersion and a less
homogeneous sorption of dissolved Al on soil surfaces. The Oxisol
had a much larger Al concentration in solution due to the low pH
(Table S1). Along with the DOM, Al was sorbed to, or precipitated
on, Oxisol surfaces after dehydration on SoilChip, thus probably
accentuating the inherent heterogeneity, which was likely caused
by the larger particle size (Fig. S1). In addition, the formation of
spots of OM on the soil surface could have contributed to some
heterogeneity of the chemical composition of the soil surfaces, as
was indicated by an uneven distribution of fluorescently labeled
organic substance in soil dots during the dehydration. Neverthe-
less, we consider the variability of major elements as acceptable, as
it can be related to the inherent heterogeneity of the samples at the
scale of observation.

Our data indicated that the OC contents at the aggregate surface
of the original Mollisol and Oxisol (Table S4) were 5.3- and 6.3-fold
greater, respectively, than those in the bulk soil (Table S1). This is
consistent with previous reports that OM tends to concentrate at
the soil aggregate surface (Amelung et al., 2002). At the newly
formed soil microsurface on the SoilChip, we observed that OC
accumulated to levels of up to 20.9% in the Oxisol and up to 21.5% in
the Mollisol (Table 1). Since there was no significant effect of PVA
on C enrichment (Table S3), this increase could be attributed to the
self-assembly processes of the soil suspension. During the
evaporation of water after printing, the OM probably concentrated
in the solution and precipitated onto newly exposed active mineral
surfaces, contributing to the high OC content at the surface. This
process may have been supported by the decrease of Fe, Al, and O at
the newly assembled surface on the SoilChip (Table 1), as compared
to the aggregate surface composition of the original soil (Table S4).
Accordingly, our soil microarray investigation demonstrated that
the evaporative self-assembly of the fine particles could redis-
tribute and concentrate the soil OM at the surface of the soil dots,
which probably provides a clue for understanding the formation of
OM hotspots in soil (Vogel et al., 2014).

Artificial soil experiments have been used successfully to
improve our mechanistic understanding of soil functions. For
example, Pronk et al. (2012) and Heister et al. (2012) incubated
defined soil components to study the effect of different compo-
nents on the formation of biogeochemical interfaces and aggre-
gates and, with density fractionation, illustrated that the mineral
composite controlled the aggregate structure and that OM was
patchily distributed on the specific mineral surface. However, the
non-destructive and continuous characterization of the microscale
interaction between the soil matrix and microbial processes was
still limited by spatial heterogeneity. Our SoilChip method trans-
formed the 3-D structure of soil interfaces into a homogeneous 2-D
surface at micro scale (800 mm-diameter), which is excellent for
undisturbed measurements and dynamic tracking of BGI develop-
ment. The SoilChip method is a new technique for studying pro-
cesses among all original soil components (i.e., soil particles, OM,
and microorganisms) at soil BGIs under standardized conditions.
Notably, this method includes PDMS surfaces in the soil microen-
vironment system. Although PDMS is a biocompatible material, its
hydrophobic nature could affect the distribution of soil compo-
nents by attracting hydrophobic substances, including phospho-
lipids. Therefore, PDMS might affect the relative transformation of



Fig. 5. Dynamics of the main elements (mass concentration >0.5%) at two typical soil
biogeochemical interfaces, during a 21-d incubation. Dynamics of C and Si (a and b), Al
and Fe (c and d), and N and Ca (e and f) in a Mollisol and an Oxisol, respectively.
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substances related to hydrophilic and hydrophobic soil properties
on chips and should be studied further.
4.2. Undisturbed monitoring of microbial processes on SoilChips

Microbial processes affect the formation of BGIs (Totsche et al.,
2010; Malik et al., 2012; Lamparter et al., 2014) and drive the
elemental biogeochemical cycles (Falkowski et al., 2008), whereby
microbial growth and metabolism are the basic components of BGI
formation in soils. Our results indicate that soil-microbe complexes
emerged on the BGIs after 13 d of incubation (Fig. 4a and c).
Considering that the DOM added contained no microbial biomass,
since it was filtered through a 0.25-mm membrane, we conclude
that themicrobes on the SoilChips gradually recovered and adapted
to the new surroundings, thus enabling them to form soil-microbe
complexes. Taking advantage of the continuous evolution of the
soil-microbe complexes on the SoilChip, the undisturbed moni-
toring of the C/N ratio dynamic by XPS illustrates the impact of
microbial metabolites on the OM within the BGI.
4.3. Mechanisms of BGI formation

Formation of BGIs was discussed in previous studies (Pronk
et al., 2012; Lamparter et al., 2014; Siebecker et al., 2014), indi-
cating that both the physical-chemical and biological properties,
such as the solute composition, OM, and biological activities,
affected the BGI formation. However, detailed knowledge regarding
the interplay and interdependencies of the physical, chemical, and
biological processes at the specific BGI remain scarce (Young and
Crawford, 2004; Totsche et al., 2010; Schmidt et al., 2011). Our re-
sults indicated that the formation features of the BGIs of the two
soils were quite different, such as their microbial communities
(Fig. 4) and mineral-organic interactions (Fig. 5), which indicates
that the interactions between microorganisms, OM, clay minerals,
and Fe/Al-oxides were different as well.

The loss of water during the incubation of the Mollisol enriched
the solute concentrations, thereby contributing to an increase in
substances, including DOM and bacteria, deposited on the mineral
surface (Fig. 5a and c). These concentration processes were also
reflected by the gradual accumulation of Ca at the Mollisol BGI
(Fig. 5e), which suggests that water loss plays an important role in
the composition of the BGI. In addition, considering the increase in
microbial biomass (Fig. 4a) and decrease in N at the Mollisol's BGI
(Fig. 5e) at the end of the incubation, we suggest that the supply of
nutrients and fresh OM sources to the soil microarrays is a decisive
factor in triggering microbial processes and regulating the forma-
tion of specific BGIs. The OC concentration of the aqueous solution
extracted from the Mollisol was greater than that of the Oxisol
(111.8 mg/kg vs. 30.6 mg/kg; Table S1). Furthermore, the C 1s
spectrum of DOM from the two soils (Fig. S4) revealed that the
Oxisol yielded a higher alcoholic carbon than the Mollisol. In
combination with the higher C/N ratio of the Oxisol-derived DOM
than that of the Mollisol-derived DOM (36 vs. 17); this indicates
that the DOM solution from the Oxisol contained more
polysaccharide-like substances, whereas the DOM solution
extracted from the Mollisol was richer in organic N. Therefore, at
the Mollisol BGI, the higher concentration of N (and possibly other
nutrients) may have contributed to the greater microbial growth
and enhanced metabolic processes, when compared to that of the
Oxisol BGI (Fig. 4a and c), thus contributing to the stronger shift of
the BGI from predominantly inorganic to predominantly organic.
This hypothesis is supported by the dynamics of organic N at the
BGIs (Fig. 5e and f), which indicated the occurrence of rapid N
assimilation by microbial processes in the Mollisol, being triggered
by the N-rich DOM. After the microbial immobilization of N, the
microbial community could secrete polysaccharide-rich EPS for
further nutrient acquisition and modification of the environment,
thus contributing to an increasing C/N ratio (Ye et al., 2011; Chen
et al., 2014). This is further supported by the fact that the alco-
holic carbon increased with incubation time (data not shown),
whereas the total N decreased after 5 days incubation (Fig. 5e), thus
suggesting the accumulation of C-O species, such as poly-
saccharides. Accordingly, the richer nutrient supply at the Mollisol
BGI directly enhanced the microbial activity and, consequently,
fostered ecological functions, such as a higher OM accumulation
(Fig. 5a and b; Zhou et al., 2012; Malik et al., 2013).

In addition to nutrient supply and microbial community in the
solution, the mineral composition of the soils also contributed to
the accumulation of OM at the BGI (Torn et al., 1997; K€ogel-Knabner
et al., 2008; Doetterl et al., 2015). The XRD data of clay minerals
(Table S5) demonstrated that a greater amount of active compo-
nents (i.e., montmorillonite, vermiculite, and illite) was present in
the claymineral assemblage of theMollisol (86%) than in that of the
Oxisol (54%), which was richer in the low-activity clay kaolinite, as
was also indicated by the bulk soil mineral analysis (Fig. S5).
Together with the smaller size distribution of the dispersed Mol-
lisol, when compared to that of the Oxisol (Fig. S1), the mineral
surfaces of theMollisol also provided more active sites for microbe-
mediated OM adsorption, thus enhancing the accumulation of OM
at its BGIs. However, our dynamic survey of Mollisol BGI revealed a
relatively more pronounced depletion in Fe and Al than in Si
(Fig. S6). This suggests that OM was preferentially sorbed to the
active surfaces of Fe and Al oxides/hydroxides, over those of phyl-
losilicates, thus corroborating previous studies that clay minerals
and iron oxide contribute to the OM sequestration (Kleber et al.,
2007; Cao et al., 2011; Vogel et al., 2014).
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In the Oxisol, we found that fewer Si and Al surfaces were coated
by C, which could have resulted from lower contents of active clay
minerals (Table S5). But the percentage of surficial Fe in the Oxisol
barely changed during the incubation, compared to the Fe in the
Mollisol (Fig. 5c and d; Fig. S6). Considering the OC concentration
(Table S1) and composition of DOM (Fig. S4) added to the SoilChip,
we suggest that in the Oxisol much less OC and N was available to
support microbial growth and metabolism than in the Mollisol,
which resulted in the reduced formation of microbial biomass and
accumulation of metabolites at the Oxisol BGI. This is supported by
the less diverse microbe shapes and sizes (Fig. 4a and c) and lower
N accumulation (Fig. 5f) at the Oxisol BGI during the 21 days
incubation.

5. Conclusions

To the best of our knowledge, the present study provides the
first report of a controllable, living platform for mimicking the
microscale processes of soil. By coupling the SoilChip with XPS, we
tracked the dynamics of multi-element interactions at soil BGIs.
Through the comparative analysis of the formation processes of
BGIs in two typical soils of different mineralogical composition, we
confirmed that soil BGIs are hotspots for element cycling and are
affected by the geochemical background (mineralogical and
chemical composition), nutrient supply, and microbial community
of the soil. The revived microbial community could be different to
the native soil, however, this method provides a model for eluci-
dating the detailed information of the interactions between min-
erals, OM, and microbes at the BGI, which is meaningful for
clarifying the complex mechanisms of the “black box” that controls
the biogeochemical cycling of soil. For more insightful in-
vestigations of microbe-mediated processes at the soil BGI, stain-
ing, isotope tracing, and imaging techniques, such as NanoSIMS, of
the SoilChips will be necessary.
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