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S-1 Worm images

Figure S1. Optical images acquired by an inverted microscope in the SECM setup showing a) wild-
type adult C. elegans, b) wild type adult C. elegans grown in the presence of 15 uM of the DNA synthesis
inhibitor 5-FU, c) germline-less (sterile) adult glp-1(e2144ts) worms. Scale bar: 200 um.
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S-2 SECM tip fabrication and characterization
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Figure S2. a) Representative cyclic voltammogram recorded at a platinum UME in 5 mmol L'
[Ru(NH)sCls] in 100 mmol L KCI solution, before platinization (radius = 500 nm, RG = 20). b)
Scanning electron microscopy of a freshly fabricated and unpolished UME. Image used to evaluate the
fabrication parameters. Electron accelerating voltage = 3 kV. c¢) Representative line scan
voltammograms recorded with a platinized platinum UME in an argon (Black) and air (Red) saturated

M9 solution (effective radius = 2.5 um). Scan rate = 0.1 Vs

Platinum ultramicroelectrodes (UMEs) used as the scanning tip of a scanning
electrochemical microscope (SECM) were prepared from 50 pm diameter platinum wire (hard,
99.99% purity, Goodfellow) and quartz capillary tubes (ID: 0.3 mm, OD: 1 mm, Sutter
Instruments) using a laser capillary puller (P-2000, Sutter Instruments). Fabrication followed
reported standard protocols.[ 1] Prior to the platinization process, UMEs were characterized by
recording cyclic voltammograms for the one-electron reduction of 5 mmol L'
hexaamineruthenium (III) chloride ([Ru(NH;)sCl3], CAS 14282-91-8, Alfa Aesar) in 100

mmol L potassium chloride solution (KCl, CAS 7447-40-7, Sigma); Figure S2a. Diffusion-
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limited [Ru(NH3)e>*] reduction current was used to calculate the UME radius, assuming a
planar disk geometry.[2,3] All UMEs presented a radius between 500 and 700 nm (Figure S2b).
The radius of the glass sheet surrounding the disk electrode, known as Rg (radius of glass),[4]
was measured by optical microscopy and found to be approx. 10 um for all UMEs. The
platinization processes was designed to increase the electrochemical response of the UME
(increased signal-to-noise ratio) without drastically changing its geometry. It followed a
procedure previously reported by us,[5] allowing for the active area to be approximated to a
planar disk. This is important to facilitate the representation of the UME’s geometry in finite
element method (FEM) models without the need for electron microscopy techniques to
characterize the true geometry of the UME surface.[6,7] As all studies were performed with
normalized current values (self-referencing, see main manuscript), and the UME size is small
(see below), the choice of the approximated UME geometry does not impact the final result.
Briefly, the platinization processes consisted in cycling the UME potential between 0.3 V and
— 0.5V (vs Ag/AgCl/sat. KCl at a sweep rate of 0.100 V s!) in a 1 mmol L' hexachloroplatinic
acid hexahydrate (H2PtCls'6H>O, CAS 18497-13-7, Sigma) in 0.5 mol L' H2SO4 solution. The
potential sweep was repeated 30 times. A representative voltammogram for oxygen reduction
at a platinized UME is shown in Figure S2c and suggests a 5-fold increase in effective radius
(assuming a planar disk geometry). After platinization, UMEs presented a 3 to 5-fold increase
in effective radius with resulting radii values between 1 and 2.5 um. As discussed in the main
text, the actual electrode geometry for these measurements does not have a large bearing on
the analysis as long as the diffusion field at the UME is small compared to that at the nematode,

so that the UME approximates to a point probe of concentration.
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S-3 SECM approach curve
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Figure S3. Approach curve for ORR in aerated solution recorded using a platinized platinum UME
(effective radius = 2 um, Rg = 10 um) towards a Petri dish surface in M9 solution. Scatted plot:
experimental data. Red line: simulated approach curve towards an insulating substrate using the real
UME geometry, captured during the characterization procedures. Scan increment: 1 um. Approach
curve speed: 10 um/s. UME potential = — 0.4 V vs Ag/AgCl/sat. KCl. UME minimum approach
distance: 2.5 um.

Figure S3 shows a representative hindered diffusion approach curve of the type
obtained prior to SECM experiments presented in the manuscript, and the typical UME current
dependence on the electrode/substrate separation can be observed. The approach curve was
recorded using a platinized platinum UME at oxygen reduction reaction (ORR) conditions (—
0.4 V vs Ag/AgCl/sat. KCI), where current is limited by oxygen diffusion. Currents were
normalized by the value obtained in bulk solution. The UME is moved towards the insulating
Petri dish surface at a constant speed while the current is recorded. At a given Z- distance
(dependent on electrode size and geometry),[4] the normalized current starts to decrease due
to hindrance of oxygen diffusion towards the UME caused by the small electrode/substrate
gap.[8] By analyzing results shown in Figure S3, we conclude that the recorded current
approximates to that recorded in bulk solution at the adopted largest working distance for the

SECM map experiments (100 um — Figure 2 in the main manuscript) .
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S-4. Finite Element Method (FEM) model and simulation parameters
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Figure S4. Schematic of the simulation domain used for the FEM model. Boundary conditions are
specified in table S1. Drawing not to scale.

Table S1. Summarized boundary conditions for the FEM model. Only fluxes normal to the boundary

« o n

were considered, noted by ‘n”.

Boundary Flux / Concentration condition
Bl n-J,=0

B2 [0,] =277 uM [9]
B3 n-J,=0

B4 [0,] =0

B5 n ']02 = _kResp [02]
B6 n-J;i=0

Table S2. Experimentally fitted parameters for the FEM model

Parameter Description

R, UME effective radius

d Separation between the UME and nematode body
Rg Radius of the UME counting the outer glass sheet
Ry Radius of the cross-section of the nematode body
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Table S3. List of parameters used in all simulations (not including experimentally-fitted data described
in Table S2).

Symbol | Value Description
n 4 Number of electrons involved in the charge transfer reaction
d 20 and 40 um UME /Nematode separation
Co, 277 uM Oxygen concentration at bulk solution
Do, 22x1075cm?s7?! Oxygen diffusion coefficient
(10]

Simulations for the UME response near different sections of the nematode body were
performed according to the experimental framework employed and described in the
manuscript. The simulation domain employed is portrayed in Figure S4, where the UME body
(B6), electroactive surface (B4) and the nematode body cross section (B5) can be seen.
Simulation domain size (> 500*Rj in both r and z dimensions) and mesh density (> 100.000
elements) were set as such that simulation results were independent of both. Boundary
conditions for every boundary in the domain are specified in table S1. R, was extracted from
optical images from the animal’s body (Figure 1 of the manuscript and Figure S1), which were
recorded with an inverted optical microscope attached to the SECM equipment. The value of
d was set to 20 and 40 um. R, was calculated using the ORR limiting currents recorded in bulk
solution and assuming a planar disk geometry. Rg was calculated from optical images.

Simulations were performed in a 2D axis-symmetric geometry in COMSOL
Multiphysics 5.4 using the transport of diluted species module using the stationary solver. Mass
transport is described by diffusion only, assuming no migration due to the high electrolyte
concentration in solution (M9 buffer solution). The flux (J;) of each chemical species i is
described by equation S1.

Ji = —D,VC; (S1)

For simulating the current at the UME, a simple 4-electron O reduction process at the

platinum interface was assumed, as described in equation S2.[11,12]
0, + 4H* + 4e~ 5 2H,0 (S2)
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At the UME surface (boundary B4) a concentration boundary condition of [O2] = 0 was
in place to simulate the diffusion-limited ORR. The current at the UME was calculated by
integrating the molecular flux of oxygen over the boundary B4.

Respiration by the animal was simulated by applying an inward oxygen flux at the
animal surface (BYS), as described in Table S1. Simulations were performed for varying values
of kresp at the boundary, representing different possible respiration rates, and the impact of the
O depletion layer created by boundary B5 on the UME response (B4) was investigated.
Experimental diffusion-limited currents for oxygen reduction at the UME near the worm were
normalized (inorm) by current values recorded in bulk and fitted to inorm vs. kresp plots, as seen
in Figure S5a.

Oxygen consumption rate (OCR) values were then calculated by integrating the O flux
at B5. Figure S5b shows the relation between kresp and OCR for the head region of one animal
simulated as a 20 um radius sphere (see Section SI-5 below). Calibration curves of iNorm Vs
OCR were constructed (Figure 3b, main manuscript) and used to find the local OCR. This was

performed for every individual single-point measurement as it depends on region thickness.
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Figure S5. Typical set of graphs generated by FEM simulation for each single-point SECM
measurement, showing the effect of the rate constant applied to boundary BS for the inward oxygen
flow at (a) the UME current for the two UME/nematode separations (black, 20 and red 40 um) used
and (b) the resulting oxygen consumption rate (OCR).
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The kresp values used in the simulations were chosen empirically by simulating a large
range (50 distinct values spanning from 1 X 1078 m s~ to 10 m s1) for the first sets of data
(animals) examined. Further simulations where performed using 13 distinct kg.s values (from

1x108ms1to1x1073ms™1), covering all the respiratory rates encountered.

S-5 Comparison between 2D axis-symmetric and 3D models

The simulation geometry used (2D axis-symmetric) for the FEM model does not allow
for the real animal geometry to be represented (irregular cylinder with varying radius). A full
3D model, without symmetry planes, is necessary to represent the true geometry of the system,
which would greatly increase the computational cost and time. The computational price penalty
for 3D modelling is particularly prohibitive for high-throughput applications such as the one
presented in the manuscript. In the model used for all simulations in the manuscript, the
substrate (representing the animal) was assumed to be a sphere with the same radius as the
radius of the region of interest of the animal. This is a simplification allowing for the
simulations to be performed in 2D. To evaluate the impact of this compromise on the
simulation results, a simplified 3D model of a cylinder, representing the worm, was compared
to a 2D axis-symmetric model of a spherical substrate. For both substrates, the concentration
of O, at the surfaces was set to 0 (diffusion limited oxygen consumption) and the O:
concentration at a separation of 20 and 40 um from the center point of both substrates (Figure
S6a), representing the position of an UME, was calculated and normalized to bulk
concentration values. The models were run for different cylinder lengths (%) and a fixed
cylinder and sphere radius (r). Normalized current ratios for a UME positioned at the
concentration probe locations were calculated from the normalized O concentrations (see

Section SI-6 below) and the currents for the cylinder model were divided by those from the
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spherical one (Figure S6b) to demonstrate how the values for the normalized UME current

compare between the 2 models.
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Figure S6. Comparison between a 2D axis-symmetric sphere and 3D cylinder geometries FEM models.

73]

a) Representation of the two geometries showing the geometric descriptors “r” and “h”, the center line
of the geometry and the locations where O; concentrations were probed at 40 (red) and 20 um (black).
b) Comparison between the current ratios at a UME positioned at the concentration probe locations,
calculated from the concentration ratios between the probe points (20 and 40 um) and bulk values, for

a sphere and a cylinder with different h/r ratios.

Although longer cylinder lengths impact more the current sampled at the center of the
substrate (for both working distances), it is clearly that the UME response is dominated by the
O consumption of regions of the substrate near the electrode, equivalent to smaller 4/ values
in Figure S6. As the cylinder gets longer, its length has a diminishing effect on the normalized
current ratio, discerned by the lower slope of the curve at larger 4/r ratios (longer cylinders —
ca. 2.5). Even assuming a homogeneous O, consumption along the substrate, the length (/) has
a smaller bearing on the O> concentration boundary layer than the radius (7). The intersection
point between the two lines in Figure S6b (i/ispnere = 1) represents the case for a cylinder of 4/
= 2, which equates in surface area to a sphere of radius r. At this point the 3D and 2D axis-
symmetric model are equivalent, despite the distinct geometry.

If the nematode geometry would be simplified to a constant radius cylinder it would have a
h/r ratio between 15-20 (depending on the animal shape, the “average” radius can vary). Hence

approximating the substrate to a sphere would represent at most a difference of <25% between
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the 2 geometries (Figure S6b). This is the most these 2 models differ, as it assumes homogenous
O> consumption along the substrate, which is not the case for C. elegans (Figure 2, main
manuscript). The concentration boundary around the middle body region will be dominated by
the respiratory rate of the local reproductive system, minimizing the effect of the edges of the
animal (head and tail), on the UME response. Similarly, in the head region measurements, the
UME probes only the O concentration boundary layer at edge of the animal and is not
impacted by respiration of the entire body. In reality, the UME probes the local O>
concentration over an area of the animal imminently close to it with regions further away
impacting less its response. As OCR is dependent on the surface area and the 2D spherical
model capture partially the nematode real geometry, the 2D axis-symmetric model is a

reasonable approximation and adopted here for quantitative local OCR measurements.

S-6 UME as a local oxygen concentration probe

As the UME diffusion layer extends only to about 10 radii from the electrode, the O
reduction current recorded at the electrode is proportional to the average O> concentration at
the edge of this concentration boundary layer, represented by the dashed line in Figure S7a.[13]
As an approximation, the UME current can be seen as to be proportional to the O2 concentration
value at a point at the center of the UME disk, but 10 radii away (green semi-circle, Figure
S7a). As the Oz concentration boundary layer around the worm extends several microns into
the solution (Figure S7b and Figure 3c of the main manuscript), the UME can be seen as a
probe for the local oxygen concentration. Thus, the UME normalized current ratio can be
calculated as the ratio between the O> concentration at the electrode height (20 and 40 pm) in
the substrate boundary layer in a simulation only considering the substrate geometry (Figure

S7b) divided by bulk concentration values.
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Figure S7: O; concentration profile at (a) a 1.5 um radius UME reducing oxygen at diffusion-limited
conditions and (b) a sphere representing a worm with a local OCR of 6 pmol L. In both figures, the
dashed line represents the edge of the UME diffusion layer (10 electrode radii) where the concentration
can be averaged to calculate the electrode current. The green semi-circle represents a point at 10 radii
from the electrode center where the concentration approximates to the average of the diffusion layer

edge.

For comparison, the local OCR measurement for a head region was simulated in the
two cases: with and without considering the electrode geometry. The variation between the two
approaches gave an error of < 15 %. This approximation can facilitate the simulation and
analyses of turnover rates over substrates, as the only calculation needed is for the
concentration distribution over the substrate diffusion layer, ignoring the electrode geometry
and electrodic process, which can be complicated. Most substrates can be approximated to
regular geometric forms, for most of which analytical or semi-analytical solutions for transport
equations exist,[14,15] allowing these calculations to be performed in a simple manner,
similarly to other approaches reported in the literature.[16—-18] However, this simplified
approach is only valid as long as the electrode geometry does not interfere with the
concentration boundary layer created by the sample, which can happen if the electrode, for
instance, has a large insulating glass sheet around the electroactive area that can hinder oxygen
transport from solution to the animal’s surface when in close proximity to the sample. To model

this interaction between the UME and the substrate diffusion layer, a full model, considering
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the substrate and UME geometry (see S-4), is needed. This provides a complete insight in the

electrode/substrate interaction, not possible in the simplified approach.
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