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Abstract

The need to develop alternative agricultures that preserve soil health with reduced
contribution to climate change has led to growing interest in soil’s microscale structure and
dynamics. Microscale X-ray computed tomography (uX-CT) can image soil mineral particles
at high-resolution but does not readily distinguish low-density aqueous and organic phases,
nor image fluid and nutrient transport. Here we have developed polymer-templated gold
nanoparticles as a contrast agent to label the aqueous phase in soil, selecting gold for low
toxicity. Nanoparticles are created by templated synthesis inside block copolymer micelles
with  a  stabilizing  corona: poly(2-(dimethylamino)ethyl  methacrylate)-block-
poly[poly(ethylene glycol) methyl ether methacrylate)]. These gold-polymer nanoparticles
(gold core diameter 12 nm; overall hydrodynamic diameter 44 nm) are generated at high
concentrations and in large volumes for soil imaging. They show exceptional colloidal
stability (to > 3M ionic strength), and are stable in the soil microenvironment, with no
adsorption to mineral particles. In situ pX-CT imaging distinguished nanoparticle-labelled
soil aqueous phase from unlabelled aqueous phase, at ~ 5 mg/ml Au. Dynamic imaging
determined the nanoparticle bulk diffusion constant in soil to be 1.1 + 0.3 x 1010 m2 s,
much slower than typical single-ion transport in soil. We propose these nanoparticles as an

effective contrast agent for flow and transport imaging in living soil.
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Soil plays a key role in sustaining both human societies and terrestrial ecosystems. As a
biogeochemical engine of the Earth's life support system, soil fulfils many crucial functions.!-
2. Soil anchors plant roots and serves as a reservoir of essential nutrients. Furthermore, it
acts as a natural filtration system for rainwater, safeguarding underground water sources by
buffering against waste and pollutants.> 3 Besides these practical functions, soil is the
largest terrestrial repository of organic carbon?, storing more than three times the amount of
organic carbon found in vegetation and approximately twice as much as the atmosphere.®
This has contributed to a recent upsurge in interest in agricultural management strategies
that aim to improve carbon storage as well as preserving or improving soil resources for
future generations. These include methods such as reduced tillage and regenerative
agriculture, as well the adoption of new agrochemical approaches that aim to work with

rather than against natural soil biology and structure.-8

All the functions of soil in ecology and agriculture are founded on its inherently complex 3D
structure and dynamics. The combination of mineral grains of various sizes, pores fulfilled
with water and air, together with organic materials, and living plant roots and microbiome
makes soil “the most complex biomaterial on the planet”.® 3D dynamic processes include
the flow and transport of water, gases, nutrients and pathogens, as well as the growth of
roots, fungi and microbial colonies.'® Understanding soil as a functional biophysical system
therefore requires the ability to image and characterize these 3D structures and processes,

at high spatial and temporal resolution.

Over the past few decades, many studies have investigated soil functioning using a wide
range of 3D imaging techniques. For example, thermal neutron tomography has been used
to study the distribution of water within soil'"- 12, while magnetic resonance imaging (MRI)
has revealed root structures and water'® 4. These techniques have revealed valuable
insights at the larger spatial scale (e.g. resolutions of ~ 80 um for neutron tomography'?,
and 600 um for MRI'4). However many soil processes operate at lengthscales much smaller
than this (~ 1 — 10 um). reflecting the multiscale nature of soil pore structure. Equally some
key biological structures such as fungal hyphae are also of order 20 um or less. Hence to

obtain a genuinely microscale understanding of soil structure and dynamics, a higher
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resolution technique is needed, and the leading technique in this context is microscale X-
View Article Online

ray computed tomography (uX-CT), with resolution down to ~ 1 um on typicalsetapsiosaeoo72r

uX-CT generates a contrast based on the electron density of soil components, which means
it is unaffected by the magnetic properties of soil components in contrast to MRI"7. uX-CT
provides excellent imaging of the mineral phases of soil, e.g. aluminosilicates, since there
is a strong contrast between these electron-dense phases and the lower-density phases:
water and dead organic matter, and living materials. This has enabled application of uX-CT
to characterise soil properties such as pore-space geometry and fractures, investigation of
pore network structures, layer detection and volumetric water content analysis.!8-21,
However, there is a significant challenge to distinguish between organic materials and the
water phase, due to their similarities in X-ray attenuation coefficients.22 This is critical to
transport measurements since organic matter is extremely prevalent in soil, so images of
pore structure based on mineral phases alone are insufficient to fully determine the paths
that water can follow. Rather there is a need to directly and dynamically visualize aqueous-
phase flow and transport. Similarly, while segmentation of organic phases becomes easier
for large extended structures such as some plant root systems, using e.g. advanced
computational workflows or low-energy X-rays?2-25, segmentation at shorter length-scales

remains extremely challenging.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Similar issues are encountered in biomedical X-CT imaging, where there is a need to

distinguish different fluids and soft tissues from one another, despite their similar electron
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densities. In this case, a common solution is to use contrast agents to label areas of interest,
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where contrast agents are solutions or particles that contain elements with high attenuation
coefficients such as iodine, barium or lanthanides or other heavy metals.26 This concept has
equally been applied to label liquid phases in investigations of flow through porous rock for
applications in hydrocarbon recovery and carbon dioxide storage, typically using iodinated
contrast agents.?’-2° A number of studies have applied these contrast agents to soil imaging,
visualizing both flows and plant root systems30-34. However, it is notable that their
phytotoxicity can cause dehydration, distortion and damage to plant tissues.3'-34 Other
contrast agents that have been applied in soil include osmium tetroxide, which exhibits
limited penetration ability, along with very high toxicity, as well as bismuth tartrate, which
requires a prolonged incubation period that makes it unsuitable for many applications.30

These pioneering investigations have shown the value that contrast agents can bring in soll
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science, underlining the potential benefits of an agent that is non-toxic and can be used at
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In biomedical imaging many labs have sought to develop gold nanoparticles that are
functionalized with biomolecules, as X-CT contrast agents that are targeted specifically to
label cancerous tissue. Despite success in preclinical studies, these have not yet been
translated into clinical practice?®. In the different context of soil science, however, their highly
tailorable and non-toxic nature makes them an ideal candidate as a contrast agent. As-
synthesized gold nanoparticles made by standard methods such as citrate reduction3®
cannot, however, be used for this application. This is because their colloidal stability relies
on electrical charge, meaning that they will flocculate (stick together) under the electrolyte
conditions present in soil®’. Equally, they will non-specifically adhere to the solid surfaces of
soil minerals. In a bionanoscience context, the analogous issues are typically addressed by
a multi-step process whereby gold nanoparticles are first synthesized using small-molecule
surfactants, and then these surfactants are displaced from the nanoparticle surface by the
application of thiol-functionalized poly(ethylene glycol) (PEG). The PEG forms an antifouling
corona that protects the nanoparticle from flocculation and/or surface interactions, and its
biocompatiblility ensures the non-toxic nature of the resulting nanostructure. In a recent
preliminary study, we demonstrated that gold nanoparticles created using this standard
method are stable in soil and can be used as a flow tracer®’. This was achieved by
functionalizing commercially available citrate-reduced gold nanoparticles with a
heterobifunctional PEG reagent (a-methoxy-w-mercapto PEG(CH3;0-PEG-SH), which must
be done under dilute solution conditions, and then intensively concentrating to generate the
high concentrations required for soil X-CT imaging. Hence while technically successful, this
method generates a reagent cost of the order of thousands of dollars per soil sample

imaged, precluding practical application in environmental sciences.

Here, we have developed a new gold nanoparticle contrast agent, based on an approach of
polymer-micelle-templated synthesis38-4!, leading to a stable and effective contrast system
that is also scalable. In this approach, block copolymer spherical micelles are first
assembled as nanoreactors. The micelles combine a hydrophobic amine-rich core with a
hydrophilic corona. Upon addition of a precursor solution that contains gold (lll) chloride
(HAuCly) ions, these ions concentrate at the micelle cores due to complexation by the amine
groups. The amines simultaneously act as reducing agents, converting gold (l1l) to metallic

gold(0) and leading to the formation of a gold nanoparticle in the core of the micelle.
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We here implemented this concept using a diblock copolymer: poly(2-(dimethytamino)ethyb72r
methacrylate)-block-poly[poly(ethylene glycol) methyl ether methacrylate)], poly(DEAEMA-
b-PEGMA), where the amine-rich polyDEAEMA becomes hydrophobic to form a micelle
core at c. pH738 3%, The polyPEGMA block forms a bottle-brush-like structure with many
short (4.5 ethylene glycol units) PEG chains grafted along the backbone, giving a high PEG
density that is highly stabilizing. Because nanoparticles are produced already stabilized
within these micelle structures, synthesis can be carried out at very high concentrations
without loss of stability. Finally, the diblock copolymers are synthesized using group transfer
polymerization (GTP). GTP is a highly scalable living anionic polymerization process that
produces controlled architecture polymers with narrow molar mass distributions comparable
to those generated by other anionic polymerization methods, or by controlled/living radical
polymerizations such as ATRP [atom transfer radical polymerization] and RAFT [reversible
addition fragmentation chain transfer].#2 However, compared to other polymerization
methods, it is an industrially developed technique that offers key advantages in terms of
ease of production, cost and potential for scalability*3-46. GTP can be performed in large
batches, at room temperature, and at higher concentrations, in a remarkably rapid (~ 15
mins for the polymers in the present study) one-step process without intermediate

purification steps.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In this study we created and tested in application a nanoparticle contrast agent using

micelle-templating with diblock copolymers synthesized by GTP. We will show below that

Open Access Article. Published on 22 September 2025. Downloaded on 9/29/2025 8:20:42 AM.

this approach generates a stable, high-performance, and practicable option for soil X-CT

imaging.

(ec)

Results

Diblock copolymer synthesis

Amphiphilic copolymers were synthesized based on 2-(diethylamino)ethyl methacrylate
(DEAEMA) and poly(ethylene glycol) methyl ether methacrylate (average molar mass=300
g/mol, average number of ethylene glycol units=4.5) (PEGMA). As stated, DEAEMA was
chosen as the hydrophobic monomer containing amine groups which form the micelle core,
while PEGMA was chosen as the hydrophilic monomer to generate a bottle-brush anti-

fouling corona around the micelle core’. Figure 1 (a) shows a schematic representation of

* Given its short length, the PEGMA macromonomer should strictly be termed OEGMA, but we call it PEGMA
for clarity given the well-known status of PEG in biomaterials science.

5
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the polymer, and how self-assembles into micelles to form nano-reactors for the generation
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of gold nanoparticles. Synthesis was carried out using GTP, as describedoino detailripo72r
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Materials and Methods. PEGMA7-b-DEAEMA,7 was the target composition, giving a target
molar mass 10000 g mol-'. This target composition is selected with a high DEAEMA to
PEGMA ratio, aiming for a high gold loading per micelle and so ultimately a strong X-ray
contrast from the nanoparticle system. Successful polymerisation was confirmed by proton
nuclear magnetic resonance spectroscopy ('H NMR) (Fig 1b) and gas permeation
chromatography (GPC) (Fig 1c¢). Experimentally-measured weight percentages of PEGMA
and DEAEMA (Table 1) were calculated by the integral ratio of PEGMA and DEAEMA
signals in "TH-NMR using non-overlapping peaks (signals from the CH, ethyl group next to N
and closer to ester at 2.6 ppm and the methoxy peak at 3.35 ppm, respectively). The GPC
chromatogram (Fig 1c¢) has no shoulder or monomer peak, which indicates all monomer has
polymerised and that all polymer chains grow to produce the diblock copolymer. The diblock
copolymer and its linear precursor are relatively monodisperse, with D values all lower or
equal to 1.2, and the block M,, (number average molar mass) values close to those targeted
(Table 1). The pK, value of the copolymer was determined to be 7.2 by titration (using a
1w/w% aqueous solution of the copolymer), arising from the tertiary amine groups in the
DEAEMA block. Finally, the cloud-point was measured by UV-visible spectroscopy as 56 °C

(also at 1% w/w), consistent with previous studies.3®
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Figure 1. (a) Schematic representation of the polymer investigated in this study. The PEGMA and
DEAEMA units are shown in green and purple spheres, respectively. (b) The '"H NMR spectrum
of PEGMA,7-b-DEAEMA,; (¢) GPC chromatogram of PEGMA,;-b-DEAEMA,;.

Table 1. Theoretical chemical structures, dispersity, theoretical and experimental molecular

weights and compositions of the copolymers and its precursor of PEGMA7-b-DEAEMA,;

MMtheor. M, 2 OEGMA300-DEAEMA (W/W%)
Theoretical polymer structure ba
(g mol’) (g mol”) Theoretical  Experimental®
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PEGMA; 5100 5400 1.13 100-00 100-00
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a These values were determined by GPC analysis before precipitation.

b These values were determined by 'H NMR analysis before precipitation.

Micelle-templated gold nanoparticles: synthesis and characterization

The fabrication process of gold nanoparticles (AuNP) is illustrated schematically in Figure 2
(a). The optimal pH for formation of AUNP inside the polymer micelles will be close to the
amine's pK, 3. This is probably because at low pH << pK, the amine group lone electron
pairs will almost all be protonated and hence unavailable to complex the gold (lll) chloride
ions, whereas at high pH >> pK, the micelle core will be very tightly bound due to the

hydrophobicity, preventing the gold (lll) chloride ions from infiltrating.

Nanoparticles were synthesised by separately adjusting aqueous solutions of copolymer
and gold (lll) chloride to pH7.5, before mixing. Concentrations were selected to give a final
polymer concentration of 1% w/w, with the molar ratio of HAuCl, to DEAEMA varied as
follows: 0.1, 0.3, 0.5 and 0.7, with the concept that the number of amine groups that can be
successfully complexed is probably < 100%. The reaction mixture was incubated at room
temperature for 48h with shaking, during which time gold nanoparticle formation was visible
via a colour change to intense wine-red. This was confirmed by ultraviolet-visible
spectroscopy (UV-vis) showing a single peak at 520 nm (Fig. 2b), increasing over time (Fig
2c). The hydrodynamic size of the gold nanoparticles, including the polymer corona, was
determined by dynamic light scattering (DLS), and was found to be in the vicinity of 40 nm
for all levels of gold-loading. We also note the presence of some free polymer molecules
(Figure S3). In parallel, the zeta potential was measured (Table 2). The expectation was that
there must be some positive charge in the DEAEMA-rich micelle core, due to the secondary
amine groups. The impact of this charge on the zeta potential, which reflects the effective
surface charge experienced at the outer hydrodynamic edge, will however reduce
substantially due to the PEGMA corona, which creates a significant distance between the
amine charges and the hydrodynamic edge. Measurements indeed showed a positive
charge, and this increased significantly with the size of the gold particle, which may be
attributed to the larger gold core displacing the amine groups closer to the outer edge of the
overall particle. Given that all tested HAuCl,:DEAEMA ratios generated viable nanoparticles,
the 0.7 ratio (hydrodynamic size ~44 nm) was selected for use, in order to give the largest

quantity of gold per nanoparticle and hence the greatest contrast in X-CT imaging.

PEGMA7-b-DEAEMA,; 10100 10200 1.14 50-50 001:301585/051 Poop72r

ne
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Table 2. Zeta potential and hydrodynamic diameters of PEGMA7-b-DEAEMA,-, aDnOcli_ Bolymerie
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AuNP with different polymer structures and molar ratios of HAuCl, to DEAEMA, at pH 7.5.
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Theoretical polymer Ratio of Au : DEAEMA Zeta potential Diameter by DLS
structure (wiw%) (mV) (nm)
PEGMA7-b-DEAEMA,; 0 20.91
0.1 8.24 45.87
0.3 9.44 50.69
PEGMA7-b-DEAEMA,;
0.5 18.6 41.13
0.7 23.9 43.52
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Figure 2. (a) Schematic illustration of the self-assembly behaviour of PEGMA,;-b-DEAEMA,7,
which is a diblock copolymer with the hydrophobic part in the centre of the polymer chain. The
subsequent formation of AUNPs by the addition of HAuCl, is also presented. The DEAEMA and
PEGMA units are show in green and purple respectively. (b) UV-vis histogram of polymeric AuNP.
(c) Graph showing the kinetics of solutions containing PEGMA7-b-DEAEMA,; mixed with gold at
different HAuCl,;:DEAEMA molar ratio, showing absorbance at a 520 nm wavelength over time.
The markers and error bars show mean and standard deviation of three measurements at each

time point and condition.
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The selected nanoparticles were further characterized by transmission electron microscopy
(TEM, Fig 3), which primarily images the gold nanoparticle core excluding the W%@é?%&%
gold cores were confirmed as spherical in shape, with a modal diameter of 12 nm (Fig 3b).
Finally, to confirm that the gold nanoparticles do indeed sit within polymer micelle coronas
as predicted, negative staining by uranyl acetate was used to visualize the polymer corona
around each nanoparticle (Fig. 3c). The visualized corona size was ~2 times greater than
the gold core, consistent with the expectation from DLS measurements (albeit the negative

staining measurement used a dried sample).
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Figure 3. (a) Bright field TEM image of the polymeric AuNP. (b) Size distribution of polymeric
AuNP from TEM image (a). (¢) Bright field TEM image of polymeric AuNP with background stained
with uranyl acetate. The green arrow indicates the polymer corona while the purple arrow indicates
the AuNP core.

Micelle-templated gold nanoparticles are stable at high ionic strength and in the soil
environment

Since the soil environment contains significant, and highly varying, quantities of salt, we first
confirmed that the polyPEGMA corona is adequate to stabilize the nanoparticles against
flocculation at high ionic strength, /. This was tested using 1M solutions of NaCl (I = 1 M)
and MgCl, (/ = 3 M). UV-vis data show that no discernible aggregation has occurred, with
the traces the same as in salt-free water (Fig 4a). This confirms that the stabilizing effect of

the polyPEGMA with bottlebrush-like morphology is extremely strong, and clearly sufficient

10
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for the ionic strengths typically found in the soil environment, e.g. 127 mM for an Australian
View Article Online

soil sample (calculated from data in Ref 47). DOI: 10.1039/D5LP00072F

As well as high-ionic-strength flocculation, which is a risk in many applications, soil poses a
unique challenge as nanoparticles could stick to soil mineral surfaces, which in particular
include aluminosilicate and metal oxide surfaces that can present both positive and negative
charges. Furthermore, the potential interaction with of soil organic matter is unknown. To
investigate the stability of the micelle-templated gold nanoparticles against these effects, a
nanoparticle solution was mixed with an air-dried sandy-loam textured agricultural soil
(Eutric Cambisol), to create a slurry which was then shaken for 24 h. The soil solids were
then removed by centrifugation. Analysis of the supernatant, i.e. the micelle-templated gold
nanoparticle solution showed no significant reduction in the gold concentration compared
with the original solution (Fig 4b). This indicates that essentially all the nanoparticles remain
in solution, and essentially none have adsorbed to or been taken up by the solid mineral or

organic phases, exactly as is required for application in imaging the soil aqueous phase.

-
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Figure 4. (a) UV-vis histogram of polymeric AuNP in strong ionic solution (1M NaCl solution and
1M MgCl, solution. (b) ICP results for gold concentration in polymeric AUNP solution before and
after stability test in soil environment, n.s indicates no significant difference (p > 0.05; t-test). N=5

samples for both conditions.

Labelling of the soil aqueous phase with high stability and contrast in uX-CT

To evaluate the performance of the micelle-templated nanoparticles as contrast agents, the
same soil was rehydrated with water and alternatively with an aqueous solution of the
nanoparticles (54 mg(Au)/ml), in two otherwise identically prepared tubes. These were then

imaged side-by-side using a uX-CT (Zeiss XRM-510 instrument with 80 keV X-ray, voxel

11
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size 14.05 um, with image reconstruction performed using Zeiss Reconstructor Software;

View Article Online

full details in Methods). A horizontal slice through the reconstructed 3D imag& is‘showa iff7>"
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Fig 5a with blow-ups of the selected regions in Fig. 5b-c. (Note that greyscale value in the
X-CT images represents the level of X-ray attenuation in arbitrary units, so that more
strongly attenuating pixels are shown as brighter, which is the standard convention.) It can
be observed that the aqueous phase exhibits a substantially higher greyscale value (on an
8-bit scale) in the sample where it is labelled with gold nanoparticles, in comparison with the
sample where it is not. This is evidently due to the higher average electron density of the
gold-labelled area, arising from the fact that gold’s atomic mass is so much higher than the
light elements otherwise present in this phase. The relative greyscale (X-ray attenuation)
values of the different phases are quantitatively compared in Fig. 5d. It can be seen that the
nanoparticle-labelled aqueous phase sits between the values of the unlabelled aqueous
phase, and soil, and can be distinguished from both. Indeed, although the value of the
labelled water phase is clearly closer to that of soil than the unlabelled water, it is still

possible to segment the two phases (Fig S1).

Importantly, the labelled aqueous phase shows as a continuous grey region in the image.
This means that the micelle-templated nanoparticles are acting as intended: as a contrast
agent. Individual nanoparticles are clearly far smaller than the voxel size, and are not
resolved: rather each voxel of the aqueous phase contains many nanoparticle that raise its
average electron attenuation level. No aggregates are visible, so the colloidal stability of the
nanoparticles is intact at least to the extent necessary for this application, which is expected
given their very high stability in electrolyte solutions (see above). Furthermore, the
nanoparticles do not accumulate or deposit at the edges of the mineral particles, as the
mineral phase particles do not exhibit bright edges. Again this is an indication that the
stabilizing PEGMA corona is functioning as intended. Indeed, this is a potentially more
challenging requirement than the avoidance of flocculation, as mineral phases can present
both positive and negative charges. Furthermore, the stabilization of nanoparticles against
mineral phases has been to date much less investigated than stabilization against colloidal

flocculation.
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Figure 5. (a) The uX-CT image of DI water fully saturating soil (Left) and polymeric AuNP
suspension, at a concentration of 54 mg Au/mL, fully saturating soil (Right). (b) A small XCT region
of DI water fully saturating soil, in which shown the contrast between soil particles (A) and Di water
(C). (c) A small XCT image region of a polymeric AUNP suspension, at a concentration of 54 mg
Au/mL, fully saturating soil. the polymeric AUNP suspension (B) can be easily distinguished from
the soil (A). (d) this contrast among the attenuation of soil (A) and DI water (C) is also visible in

the histogram of grey values, also compare with the attenuation of polymeric AuNP (B)

Transport in the soil microenvironment 1 X-CT imaging of nanoparticle diffusion

A key use of contrast agents in the soil microenvironment is to image transport processes
including diffusion and the flow of water through the pore network. Here, we have
characterized the diffusion of the micelle-templated gold nanoparticles within a soil
microenvironment. The ability to use a contrast agent to investigate flow processes depends
on its diffusion rate: if the diffusion rate is faster than the flow/transport process being

investigated, then the contrast agent will spread rapidly throughout the sample, and it will
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not be possible to characterize water transport. Hence the diffusion rate provides a lower
View Article Online

limit on the flow rates to be investigated. In principle a nanoparticle system: should tyeo72r
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superior to a small-molecule or ionic contrast agent, because in general larger objects

diffuse more slowly. Here we test that for the micelle-templated nanoparticle system.

Measurement of diffusion followed a classical approach also used in e.g. polymer melts*3,
where a labelled material is brought into direct contact with an identical but unlabelled
material, creating a sharp step-function concentration profile of the labelling reagent.
Diffusion then causes this initially sharp interface to broaden over time, either more or less
rapidly according to the magnitude of the diffusion constant. Here, a tube (glass, with 12 mm
diameter) was filled to a depth of 200 mm with soil that had been rehydrated with an aqueous
solution of the micelle-templated gold nanoparticles (54 mg(Au)/ml), followed by a second
layer of equal thickness consisting of soil that had been rehydrated with water (UHQ 18.2
MQ) (Fig 6a, schematic image on left). A second tube was prepared the other way up, with
the gold nanoparticle-labelled soil forming the bottom layer, as a control to ensure the
observed effects result from diffusion rather than gravity (Fig 6b, schematic image on left,
see also Supplementary Information Fig S4). The tubes were placed in the uX-CT
instrument and imaged using a set of parameters that enabled a scan to be taken every ~35
minutes. They were then imaged continuously for 24 hours by which time substantial
diffusion had occurred. The images were rendered (Zeiss Reconstructor Software),
generating full 3D-reconstructions, through which vertical and horizontal slices were taken
for visualization and analysis. Vertical slices taken at the beginning (45 mins, times stated
refer to the middle point of the measurement) and end (1457 mins) of the 24 hour period are

shown in Fig 6a,b (right-hand images).
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Figure 6. (a) A Schematic representation of tube 1 with 1 cm height of soil rehydrated with DI
water on the top and 1 cm of soil rehydrated with polymeric AUNP on the bottom. (b) A schematic
representation of tube 2 with 1 cm height of soil rehydrated with polymeric AUNP on the top and 1
cm soil rehydrated with DI water on the bottom. (¢) An uX-CT image region of tube 1 in Z axis at
45min after the diffusion started. (d) The grey value of the liquid phase in different depth of Tube
1, recorded at 45min after the diffusion started. The red and blue dashed line are grey value of
polymeric AuNP solution and DI water from the extreme end of the tubes, respectively. (e) The
fitted diffusion curve of the liquid phase in different depth of Tube 1, recorded at 45min after the
diffusion started. The black markers represent the grey value of the liquid phase in different depth,

the red line is the fitted diffusion curve by fitting the black markers using equation 1.

The concentration of the polymer-templated gold nanoparticles was determined as a

function of the vertical position within the tube. Briefly, 2D slice-images were generated at

regularly-spaced vertical positions. For each of these, the average grey-scale value was
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taken for representative areas of pore-water. This generated a depth profile of grey-scale
View Article Online

(Fig 6¢), which was converted into a depth profile of gold concentration by calibratingeagainst 2
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the known concentrations of gold in the end-regions, i.e. 0 and 54 mg(Au)/ml, shown as
dashed lines in Fig 6¢ for an initial time point (45 min); the resulting concentration profile is
Fig 6d.

Consider an example of the initial condition, as nearly as it can be measured due to set-up
and scan time, Fig 6d (black markers show measured data). The sharp interface between
regions hydrated with unlabelled and gold-labelled water can clearly be seen. The evolution
of this depth profile was followed over time (Fig 7). The process of diffusion broadens the
interface over the 24 hour period. Conceptually, this indicates the speed of diffusion, since

a more rapid diffusive process would lead to a more rapid broadening of the interface.

Mathematically, this experiment is modelled by considering diffusion in two semi-infinite half-
spaces, for an initial condition of a step-function concentration profile, with the step at d =
d0 where d is the spatial direction perpendicular to the interface, in our case the vertical
position along the tube. This has previously been solved analytically*?, giving a solution ,

[ Xerfc[(d_do)

c(dt) = — : zalpe! [Eq. 1]

where t is the time elapsed since the initial sharp-interface condition, D is the diffusion
constant, ¢, is the concentration in the higher-concentration zone, and erfc() is the
complementary error function. We use this solution to generate a simplified equation that
expresses the expected shape of the Au concentration as a function of vertical position at a

given time,

C(d) = Serfe| =), [Eq. 2]

where R is defined by R? = 4Dt, as a measure of the interfacial width. Using this equation,

the concentration profiles were fitted and parameterized for each time point. Fits are
indicating by red lines in Fig. 7, and demonstrate that this is a good model for the observed
process. A total of 9 data sets at varying times were analysed, which were at the beginning
(at 45 min, 78 min and 111min), in the middle (at 624 min, 678 min and 708 min) and at the
end of the experiment (at 1366 min, 1397 min and 1427 min), with the fitted concentration
profiles becoming broader flatter over time, in accordance with the data. The experiment
was repeated twice, giving a total of four samples/tubes measured. We note in passing that
labelled water is clearly distinguished from unlabelled water at concentrations at least down

to ~ 5 mg/ml Au.
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Figure 7. The fitted diffusion curve of the liquid phase in different depth of Tube 1 at different stage
of the experiment, recorded at 45min, 78min, 129min, 624min, 678min, 708min, 1366min,
1397min and 1427min after the diffusion started.

To confirm that Fickian diffusion accurately describes the process, the interfacial width, R,
is displayed as a plot of R2 vs t, which is expected to generate a linear relationship (Fig
8a,b,c,d, plotted separately for each sample tube). It can be seen that this relationship holds
well across the four experiments and three time points. A sole exception is that the interfacial
broadening was slower than expected at the longest times in Tube 1 (We note in this context
that some sample variation is expected in soil, and that the model is likely to be least
accurate at the longest time-scales, where the broadening effect may begin to reach the
ends of the tubes and hence the boundary conditions inherent in the analytic solution are
no longer valid). Based on this agreement, we used R to infer the diffusion constants for the

different experiments, based on R? = 4Dt.

Hence, the diffusion constants are determined separately in each of the four experiments

(Fig 8e,f), Table 3). The four samples measured show a high level of consistency, with in
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particular no substantial differences between tubes where the gold was on the top vs the
View Article Online

bottom, confirming that gravitational effects did not have a significant impact. por:10.1039/p51P00072F

The overall average diffusion constant for the micelle-templated gold nanoparticles in this
soil system is determined to be 1.1 £ 0.3 x 10-'° m? s-'. We note that this is a relatively slow
diffusion, in comparison with ionic species in soil such as K*(10-7-108 m? s'') and NO3 (10
6-107 m2 s71).%0 This is in line with what one would expect from a much larger nanoparticle

reagent, and indicates that these nanoparticles can be effective tracers for flow experiments

Table 3. Diffusion constants from each tube in the two diffusion experiments, stated as mean *

standard deviation.

Diffusion constants

Experiment Tube number and orientation
(m?s)
. o . Tube 1 (AuNP labelled water at bottom) 0.9+0.2x 10
First diffusion experiment

Tube 2 (AuNP labelled water at top) 12104 x 1070

o ) Tube 1 (AuNP labelled water at bottom) 1.1+£0.2x 107

Second diffusion experiment

Tube 2 (AuNP labelled water at top) 1.2+0.2 x 1010
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values of D from the two diffusion experiments.

Figure 8. Quantification of diffusion of micelle-templated gold nanoparticles in soil. The fitted
interface width, R, as a function of time, t, for (a) Tube 1 in the first diffusion experiment; (b) Tube
2 in the first diffusion experiment; (c) Tube 1 in the second diffusion experiment; (d) Tube 2 in the
second diffusion experiment. The distribution of diffusion constants (D) of (e) Tube 1 and Tube 2

in the first diffusion experiment; (f) Tube 1 and Tube 2 in second diffusion experiment; (g) All
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Comparison with single-particle diffusion constant

The bulk diffusion co-efficient in the soil environment can be compared with the single
particle diffusion co-efficient for the gold nanoparticles in water. The latter was measured by

Dynamic Light Scattering, DLS. Although DLS is typically used to estimate particle size, as
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we have done earlier, the diffusion coefficient is found by measuring thermal fluctuations
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that can alternatively be processed to output a diffusion constant. The measared diffasiono72F
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constant, Dsj,ge Of the micelle-templated gold nanoparticles in dilute solution (3.24
mg(Au)/ml) is 1.50 x 10-"" m2s-! (Table 4). Intriguingly this is nearly an order of magnitude
smaller than the bulk diffusion constant measured in soil. This contradicts intuitive
expectations, since one would expect the more respected space of the soil environment to

lower rather than raise the speed of diffusion.

In fact, it is possible for bulk diffusion to occur more rapidly than single-particle diffusion,
when the concentration of particles used is high enough to induce crowding, according to a
mechanism that has been outlined theoretically (shown schematically in Fig. 9b)*°. In the
canonical case where particles are relatively dilute, then each particle can move with equal
freedom in each direction (Fig 9a). This means that each particle executes a random walk,
ultimately leading to diffusion with a bulk diffusion constant equal to the single-particle
constant. However when the particle concentration is relatively high, then crowding effects
mean that movement up a concentration gradient (towards the crowded region) is
disfavoured, whereas movement down the concentration gradient, towards the less crowded
region, is easier. This asymmetry means that the particles spread out into the lower
concentration region faster than would otherwise be expected, meaning that bulk diffusion
measurements such as we have conducted here will lead to higher measured diffusion

constant, consistent with our observed results.

Table 4. Hydrodynamic diameter and single particle Diffusion coefficient of AUNP measured by
DLS

Concentration of AUNP (mg(Au)/mL) AuNP Size (nm) Diffusion Coefficient (m2 s-)

3.24 32.7 1.5 x 10"
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Figure 9. (a) A schematic representation of single particle diffusion of polymeric AuNP measured
by DLS. Pink spheres represent the polymeric AUNP. Pink spheres represent the polymeric AuNP.

(b) A schematic representation of diffusion of polymeric AuNP in soil measured by uX-ray CT. Red

spheres represent the polymeric AUNP.

Conclusion

We have developed polymer-templated gold nanoparticles as a contrast agent for uX-CT
imaging in soil, exploiting the known biocompatibility of gold in comparison with competitors
such as iodine-based reagents or other heavy metals. The particle synthesis is a single step
process that can be performed at high concentrations. In combination with the production of
diblock copolymers by GTP, this generates a nanoparticle system that is scalable and
practicable for soil applications. The polymer-templated gold nanoparticles show high
stability in the soil environment, and enable labelling of the soil aqueous phase with good
contrast in uX-CT. Diffusion measurements confirmed the ability of this new contrast system
to be used in transport studies, and reveals that diffusion is slower than typical ionic species,
confirming the system’s potential to be used as a flow tracer. Taken together, these results
show polymer-templated nanoparticles to be a high-class contrast agent for tracing flow and
transport in uX-CT. The use of PEGylated nanoparticles for enhanced bioinertness is a
strength of the technology, although the impact on specific microbial communities will need
to be determined by direct experiment. This nanoparticle contrast agent will enable the direct
imaging of water transport in soil, elucidating the microscale mechanisms of transport, with

the potential for long-term benefit to agricultural and environmental science.
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Materials and Methods

Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGMA, MM=300 g/mol), 2-
(diethylamino)ethyl methacrylate (DEAEMA, 99%, MM=185.26 g/mol) were monomers used
to synthesise the diblock copolymer. Calcium hydride (CaH,, 290%), aluminium oxide
activated basic (Al,O3-KOH), 2,2-diphenyl-1-picrylhydrazyl (DPPH), tetrahydrofuran (THF,
anhydrous, 299.9%, inhibitor-free) were used to purify monomers, anhydrous THF was also
used as a polymer synthesis solvent. 1-methoxy-1-trimethylsiloxy-2-methyl propene (MTS,
polymerisation initiator), tetrahydrofuran (THF, HPLC grade, polymerisation solvent,
299.9%) mixed with 5 vol% triethylamine (99%), deuterated chloroform (CDCl3, 99.8%) were
used as the initiator, solvent for gel permeation chromatography (GPC) and solvent for
proton nuclear magnetic resonance spectroscopy ("H NMR), respectively. Other solvents
used include hexane, methanol and acetone (analytical grade), they were used for polymer
precipitation, polymerization termination and glassware-washing, respectively. The catalyst
used in polymer synthesis, tetrabutylammonium bibenzoate (TBABB), was previously
synthesized from tetrabutylammonium hydroxide (40% in water) and benzoic acid (99.5%),
according to Dicker’s report,®' and kept dried under argon until use. Gold (lll) chloride
trihnydrate (MM=393.83 g/mol) was the gold source for gold nanoparticle formation. Sodium
hydroxide (NaOH, 97%) and hydrochloric acid solution (volumetric, 1M) were used for
titration and adjusting pH. Sodium chloride (NaCl) and magnesium chloride (MgCl,) were
used for gold nanoparticles stability testing. ICP calibration used a purchased Gold
Standard. Chemicals listed above were from Sigma Aldrich Co Ltd., UK, except for hexane

and tetrabutylammonium hydroxide, from Acros Organics, UK.

Purification of polymerization reagents

DEAEMA was passed through a basic aluminium oxide column twice to remove any protic
impurities. To eliminate moisture, the DEAEMA was mixed with CaH, and stirred for 2 hours
at least 3 days before polymerization. DPPH was also added as a free-radical inhibitor. For
PEGMA, a 50% vol PEGMA and 50% vol THF solution was prepared. This was passed
through the basic aluminium oxide column twice, then stirred under argon with CaH, for two
hours. When finished, DEAEMA and PEGMA solution with THF were purged with Argon and

refrigerated. DEAEMA and MTS were distilled one day before polymerisation to remove the
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free-radical inhibitor and any other impurities, under vacuum to eliminate moisture.
View Article Online

Distillation was not possible for PEGMA as a high molar mass monomer. DOI: 10.1039/D5LPO0072F

Diblock copolymer synthesis and recovery

The diblock copolymer PEGMA7-b-DEAEMA,; was targeted at 10000 g/mol with 70:30 wt%
composition of DEAEMA to PEGMA. It was synthesised via sequential GTP. The exothermic
polymerization reaction was monitored using a digital thermometer attached to the bottom
of the flask. The exothermic polymerization reaction meant that the temperature increased
while the monomer was polymerizing, and it started dropping when all the monomer had
converted to the polymer, thus allowing the monitoring of the sequential polymerization.
First, 10 mg of TBABB was added into a 250 mL round bottom flask filled with Argon, then
62.88 mL anhydrous THF was injected into the flask. Followed by injection of 0.5 mL freshly
distilled MTS. Then the first monomer was added, 23.44 mL PEGMA (23.44mL in 50v/v%
in THF, 12.31g, 0.041 mol). The temperature started to increase from 21.5 to 31.5°C. When
the polymerization of the first monomer was completed, two samples were taken out from
the reaction flask for GPC and '"H NMR. Then DEAEMA was added (13.35 mL, 12.31g,
0.066), whereupon the temperature increased again from 23.8 to 34.9°C; two 0.1 ml
samples were then taken for GPC and 'H NMR. As GTP is highly moisture-sensitive, the
flask was kept sealed by a rubber septum and purged with inert argon gas each time after

materials were added or taken. After the polymerisation was complete, polymer was

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

transferred to hexane drop by drop for precipitation, to remove any undesired low MM

molecules and catalyst. Solvents were then removed, and the precipitated polymers left in
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a vacuum oven to dry at room temperature for at least a week. The polymers were then
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collected into vials; liquid nitrogen cooling was used to aid this transfer.

Diblock copolymer characterisation: gel permeation chromatography (GPC)

To determine the molecular mass distribution, molar mass and degree of polymerisation
(DP) of the diblock copolymer, GPC was conducted (Agilent SECurity GPC system, Agilent
Technologies UK Ltd., Shropshire, UK, with a Polymer Standard Service (PSS) SDV
analytical linear M column). This system is equipped with a “1260 Iso” isocratic pump and
an Agilent 1260 refractive index (RI) detector (plotted in Fig. 1C is the raw normalised RI
signal). The mobile phase was tetrahydrofuran (THF) with 5% vol trimethylamine (Et3;N) (flow
rate 1 ml/min) The added Et;N acts as a mild base to avoid DEAEMA absorption in the

column. The column was calibrated using linear poly(methyl methacrylate) (PMMA)
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standard samples of MM 2000, 4000, 8000, 20,000, 50,000, and 100,000 g-mol-', (Sigma

View Article Online

Aldrich Co Ltd., UK). The samples were prepared by mixing 10mg of polymepand.ctormlrefr2r

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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GPC solvent (THF with 5% Et3N), and filtered before passing through the device to prevent
blockage.

Diblock copolymer characterisation: proton nuclear magnetic resonance ("H-NMR)

Chemical structures and compositions of all polymers were determined from 'H-NMR
spectra (JEOL 400MHz NMR spectrometer, Bruker UK Ltd., Coventry, UK). Samples for 'H-
NMR taken during polymerization were dried overnight in a vacuum oven to remove the
solvent, then dissolved in 650 yL CDClIs. The weight percentage of DEAEMA and PEGMA
were determined by calculating the integral ratio of the signal from the CH, ethyl group next

to N and closer to ester at 2.6 ppm, to that of the methoxy peak at 3.35 ppm.

Diblock copolymer characterisation: pK, and cloud point

Since the diblock copolymer was pH-sensitive, titration was conducted to find out the
effective pKy Firstly, around 5ml of 1wt% solution was made. The pH meter (Hanna HI98103
pH checker) was calibrated before use. The polymer solution was adjusted to pH 2 by adding
hydrochloric acid (1 M). 20 uL of Sodium hydroxide solution (0.25M) was repeatedly added
to the polymer solution, with the pH recorded after each addition, continued until the solution
reached pH 12. The pK, was then determined by the titration curve (that can be found in Fig

S2) and it was taken as the pH were 50% of the amino groups are protonated.

The cloud points of the polymers were determined by heating 1 w/w % aqueous polymer
solution (1 ml) in a water bath, with a heating rate of 1°C/min. After an initial visual
observation between 20°C to 70°C to determine the approximate range within which the
cloud point observed, the experiment was repeated in this narrower range using
turbidimetry. Specifically, the polymer solution transmittance was measured as a function of

temperature (Cary 3500 Compact Peltier UV-Vis System, Agilent).

Synthesis of polymer-templated gold nanopatrticles

To form polymer-templated gold nanoparticles, aqueous stock solutions of polymer and
gold(lll) chloride trihydrate (HAuCl,) solution were prepared, each at 2wt% concentration,
and separately adjusted to pH 7.5 using sodium hydroxide (1M) and hydrochloric acid (1M)

solution. Then the gold(lll) chloride trihydrate solution was added into polymer solution with
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different molar ratios of HAuCl, to DEAEMA (0.1, 0.3, 0.5 and 0.7), with the polymer
concentration of the final solution always set to 1 wt% by addition of water. DﬂSh@-lpé%é{%;pﬂ;gE
mixture was covered by foil and shaken for 48 hours (IKA KS 260 basic shaker, 200 min-").
Nanoparticle formation was monitored by UV-vis, with the measurement taken before and
after the addition of gold solution, every hour in the following 8 hours, and then at 24 hours

and 48 hours after addition.

Centrifugal filtration

Throughout this study polymer-templated nanoparticles were concentrated and rinsed
where necessary using centrifugal filtration (Amicon® Ultra Centrifugal Filter, 10 kDa
MWCO, Fisherbrand™ GT1R Centrifuge, 4000 RPM/min). Concentration was carried out
by placing the nanoparticle solution in the upper part of the filter assembly, and using the
centrifuge to selectively remove water until a desired volume is reached. Rinsing used the
same approach but with successive steps of dilution with pure water or the desired aqueous
solvent, followed by reconcentration to reduce the concentration of electrolyte or other small

impurities.

Characterization of polymer-templated gold nanopatrticles

The successful synthesis of polymeric AUNPs was easily observed visually by its wine-red

colour. It was also confirmed by Ultraviolet-Visible Spectroscopy (UV-vis) using NanoDrop™

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

One® Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., UK. 2 pl

sample size).

Open Access Article. Published on 22 September 2025. Downloaded on 9/29/2025 8:20:42 AM.

(ec)

Hydrodynamic diameters of polymer-templated gold nanoparticles and separately polymer
micelles were measured by Dynamic Light Scattering (DLS, Zetasizer Nano ZSP, Malvern,
UK, solution at 1 wt% polymer in ultrapure water (18.2 MQ.cm) after rinsing to remove
background electrolyte). The parameters used were 25°C and backscatter angle of 173°.
Each sample was measured three times and the reports gave the mean values. The same
method was used to determine the averaged single-particle diffusion constant, Dginge, as

discussed in the text; this can be read out directly from the Zetasizer software and is related

to the hydrodynamic diameter via the Stokes-Einstein relation D, gie = where 7 is

5T
6mnRy’
the solvent viscosity, Ry the hydrodynamic diameter, T the temperature, and kg Boltzmann’s

constant.
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The diblock copolymer solution was filtered prior to the measurement to remove bubbles
(0.45 ym PTFE syringe filter) to remove bubbles. The zeta potential of polymeric: mw&%gﬁﬂ;gﬁ
also determined using the same instrument with the same parameters: in this case polymer-
templated nanoparticles were additionally rinsed and re-concentrated by centrifugal filtration

to eliminate any traces of electrolyte.

The gold cores of the polymer-templated gold nanoparticle constructs were imaged by
transmission electron microscopy (TEM) (JEOL JEM-2100F). Samples were prepared by
pipetting nanoparticle solution (10 pL, 3.4 mg/ml) onto holey-carbon grids. The solution was
kept on the grid for 2 mins, then excess liquid was removed from the backside using filter
paper, before overnight drying (room temperature). Additionally, negative staining with
uranium acetate was used to visualize the polymer corona around the gold core. The TEM
grid was glow discharged by Fischione NanoClean model 1070 before use.10 pL polymer
solution was pipetted on to the glow discharged grid, left for 2 mins and removed extra
polymer solution from the backside using filter paper. The grid was then negatively stained
by one drop of 2% w/v uranyl acetate for 60s. the stained TEM grid was air dry for at least
1h at room temperature before use. Diameters of the gold nanoparticles were quantified
from TEM images. First, particle area was measured by thresholding using the ImageJ
function AnalyzeParticles, and then diameters were calculated by assuming spherical

shape.

Assessment of polymer-templated gold nanopatrticle stability in high ionic strength solution

UV-vis is widely used to determine gold nanoparticle stability, as individualized
nanoparticles exhibit a characteristic spectrum with a single peak at ~ 520 nm, associated
with their well-known wine-red colour. Upon aggregation, the visually observed colour
changes to blue-black, and the peak shows a substantial flattening towards higher
wavelengths.52 UV-vis Spectroscopy was measured using NanoDrop™ OneC Microvolume
UV-Vis Spectrophotometer, Thermo Fisher Scientific Inc, UK, 2 uL sample size). Polymer-
templated gold nanoparticles (3.4 mg(Au)/ml) were respectively mixed with sodium chloride
(NaCl) (1M) and magnesium chloride (MgCl,) solutions (1M), in two separate experiments,
to give resultant concentrations of 1.7 mg(Au)/ml for the nanoparticles and 0.5 M for each

of the electrolytes. UV-Vis spectra were measured at 24h and 72h after mixing.
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Assessment of polymer-templated gold nanopatrticle stability in contact with soil

View Article Online
To determine the stability of polymer-templated gold nanoparticles in soi ?':Ilﬁ'l uctive ?/Om

coupled plasma optical emission spectrometer (ICP-OES) was performed to determine the
Au concentration before and after mixing with soil particles. The sample was prepared by
100 mg soil (air-dried sandy-loam textured agricultural soil (Eutric Cambisol)) mixed with
750 pL polymeric AuNP solution (47.06 mg(Au)/ml), then left shaken for 24h (Agar Scientific
rotary shaker, 6 RPM). The soil was pelleted by centrifugation (SIGMA 1-14 Microfuge, 2000
rom / 310 G, and a sample of supernatant (4.3 pl) removed for testing. As a control, an
identical volume of polymer-templated gold nanoparticle solution was shaken and tested in
the same way, but without mixing with soil. Overnight digestion was conducted on both
samples using aqua regia (25 L aqua regia was added to each sample to digest and oxidize
the AuNPs and the dissolved organic matter, the samples were diluted with DI water the
next day to measure Au concentration using iCAP 6000 Series ICP-OES Spectrometer
(Thermo Fisher Scientific Inc, UK), calibrated using Gold Standard for ICP (Sigma Aldrich
Co Ltd., UK) at concentrations of 0, 5, 10, 15, and 20 ppm.

uX-CT imaging
A Zeiss XRM-510 X-ray microscope was used for high-resolution in situ imaging. The X-ray
energy was 80 KeV, power 7 W, and the exposure time was set to 1.2 s. Samples were

placed in soda glass tubes of dimensions 12mm, and two tubes could be accommodated

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

within a single scan. All tomograms were reconstructed into three-dimensional images using

the Zeiss Reconstructor Software, and further quantification of 2D slices taken from the

Open Access Article. Published on 22 September 2025. Downloaded on 9/29/2025 8:20:42 AM.

rendered model was performed using ImagedJ. For measurements to investigate stability of

(ec)

nanoparticles, the scan time was 1 hour and 40 minutes. In time-resolved experiments to
measure diffusion, the scan time was approx. 35 minutes, and the scans were repeated

successively until the total time reached 24 h.

Concentration profile analysis

To plot the concentration profile, the pX-CT images were analysed in 2D slices with
regularly-spaced vertical positions. A total of 16 positions were chosen (from slice 180 to
slice 1680, with 100 slides between each position). At each position, the average grey-scale

value was taken from 20 representative areas of the aqueous phase. The slice number was

voxel size X slice number
1000000

then converted to depth using the equation: Depth(m) = (the voxel size

is 12.1043 um for the first diffusion experiment, and 14.0537 pm for the second diffusion
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experiment). The greyscale values of the liquid phase were plotted against the depth (m).
View Article Online

The greyscale value was further converted to concentration by calibrating against thesknowno72F
concentrations of gold in the end regions of the images (0 and 54 mg(Au)/ml). the converted

concentrations were used for subsequent analysis for fitting the diffusion profiles.
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