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1. Conceptual considerations and array design 
 

1.1  Pixel vs large area glucose extraction 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S1. Comparison between “GlucoWatch” [1] and our proposed concept with respect 
to glucose sampling through skin samples of different hair density (low density, left-hand side; high density, 
right-hand side): (a) the large area (~1 cm2) sampling of the “GlucoWatch” leads to variable dilution factors; 
(b) the miniature pixel device requires a much smaller area (see below) to enable the sampling of only one 
follicular pathway, guaranteeing a fixed dilution factor within a pixel independent of follicular density. 
 

1.2 Calculation of the probability P that one pixel of a working array device hits a single follicle.  
This is expressed as a function of the pixel area, for increasing number of pixels within the array, and for 
values of follicular density spanning the typical range in humans (Figure 1(b), main text, and Figure S2 (a-
d)).  

The probability pF1 that a pixel of area a hits a single follicle given m follicles per cm2 and a probed area of 

size A (in which there are m⋅A follicles) is: 

𝑝𝑝𝑝𝑝1 = 𝑚𝑚 ∙ 𝐴𝐴 ∙ �𝑎𝑎
𝐴𝐴
� ∙ �1 − 𝑎𝑎

𝐴𝐴
�
𝑚𝑚∙𝐴𝐴−1

    (1) 

In this case, one follicle is hit by the pixel (probability a/A), while all other follicles (m⋅A - 1) are not 
(probability 1 - a/A).  

The most basic definition of a working array device is that it has at least one working pixel, defined as a 
pixel for which there is just a single follicle ‘hit’ (i.e., the opposite of a non-working pixel, for which there 
is either no or more than one follicle ‘hit’).  This is described by the probability P: 

𝑃𝑃 = 1 − (1 − 𝑝𝑝𝑝𝑝1)𝑁𝑁      (2) 

where (1 - pF1) is the probability of a given pixel not working, N is the number of pixels in the array device, 
and (1 - pF1)N is the probability that none of the pixels within the array are working.  

Typically, with A = 1-2 cm2, simulations show that P has only a weak dependence on A for pixel sizes of 
interest here. 
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Figure 1(b) in the main text shows that an array with N = 4 x 4 pixels is the smallest that ensures at least 
one (if not more) ‘working’ pixels for which there is a single follicular hit per pixel (i.e., P reaches 1). Figure 
S2 (a-c) shows that there is a common range of a values for which P is maximised across all size arrays, and 
that this range shifts towards smaller values with increasing follicular density. Figure S2 (d) shows, for a 4 
x 4 pixel array, when P reaches 1, that a suitable range for the pixel area a is 2-5 mm2 for the range of 
typical human follicular densities on the ventral forearm (i.e., 18 - 36 follicles/cm2).  

 

Supplementary Figure S2. (a-c) Probability P, as a function of pixel area and for different size arrays, that 
a device with n× n pixels (where n = 1-4) has at least one working pixel when applied to skin with (a) 18, (b) 
27, and (c) 36 follicles/cm2. (d) P as a function of pixel area for a 4× 4 array for the three selected follicle 
densities, showing that an overlapping range of pixel area values exists. This subsequently informs the 
design of a working array. 

Similar results are obtained when a Gaussian distribution centred about a particular follicular density is 
considered instead of discrete follicular density values. The decrease in the probability P for larger pixel 
areas is due to the increased chance of more than a single follicle ‘hit’ per pixel. The probability pF2 that 
two follicles are hit by a pixel of area a (again given m follicles per cm2 and a probed area A in which there 

are m⋅A follicles) is: 
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𝑝𝑝𝑝𝑝2 = �(𝑚𝑚∙𝐴𝐴)∙(𝑚𝑚∙𝐴𝐴−1)
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where  

(𝑚𝑚∙𝐴𝐴)∙(𝑚𝑚∙𝐴𝐴−1)
2

= (𝑚𝑚∙𝐴𝐴)!
2!∙(𝑚𝑚∙𝐴𝐴−2)!

     (4) 

and equals the number of combinations of two follicles out of 𝑚𝑚 ∙ 𝐴𝐴 total follicles. Figure S3 shows that, 
when the pixel area a is 2-5 mm2, the probability pF1 of a pixel hitting a single follicle dominates (i.e. pF1/pF2 
> 1), over all typical follicular densities; the smaller the value of a, the greater the probability of single 
follicle hits. 

 

 

Supplementary Figure S3. Ratio of probabilities pF1/pF2 as a function of pixel area for 18, 27, and 36 follicles 
per cm2.  

It is important to note that, although a majority of pixels with single follicle hits is preferred in an array 
device, a small proportion of pixels with double or more follicle hits can be exploited in a beneficial way as 
they provide corroborative readings that are multiples of the single follicle signal (as shown in Figure 4(c), 
panel 2, and Figure 4(d), main text).  
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2. Sensor detection principle 

The enzymatic reaction of glucose with glucose oxidase produces H2O2, which then oxidises at ~0.4 V 
applied to a platinum nanoparticle-functionalized graphene electrode against an Ag/AgCl pseudo-
reference microelectrode. When using bare, unfunctionalized graphene, H2O2 oxidises at 0.7 V [2], a value 
at which known interfering species, such as ascorbic acid, uric acid and acetaminophen, also oxidise [3]. 
Though 0.4 V is not low enough to eliminate a contribution from these interferant species, there is virtually 
no response from such species at physiologically-relevant concentrations and glucose-to-interferant 
ratios, as shown by Figures 4(b), panel 2, and Supplementary, Figures S12-13.  

 
3. Characterization of Pt nanoparticle-CVD graphene hybrid films 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S4. Pt nanoparticles deposited by sputtering on CVD graphene. (a) Transmission 
electron microscopy (TEM) of sphere-like Pt nanoparticles on a CVD graphene membrane. Defocussing has 
been adjusted so that fringes from both graphene and Pt nanoparticles are visible, and thereby 
demonstrating their crystallinities. The inset shows the hexagonal symmetry of the graphene sheet; the 

(b)

(c)

11nm

(a)



S6 
 

point resolution of the TEM (JEM-2100 Plus) is ~0.23 nm, insufficient to atomically resolve the individual 
carbon atoms in the graphene sheet. There are about 3.6 x 104 Pt nanoparticles/µm2. (b) Histogram 
showing the particle size distribution: a Gaussian fit gives 4.5 nm as the most probable diameter, while the 
FWHM is 2.7 nm. (c) Raman spectra (using a 514 nm wavelength laser) of the bare CVD graphene sheet 
(upper), and after Pt nanoparticle deposition (lower).  

Figures S4(c) identifies the Raman peaks characteristic of graphene, which aid in the assessment of its type 
and quality: the ratio of the intensities of the 2D and G peaks (located at ~2683 and 1583 cm-1, 
respectively), I(2D)/I(G) = ~1.71, while the 2D peak has a single Lorentzian profile for the bare graphene 
(upper spectrum), confirming its presence as a monolayer [4] [5]; further, the intensities of the D (disorder-
induced) peak (located at ~1344 cm-1) and the second order D+D’ peak (located at ~2928 cm-1) are small, 
indicating little disorder within the graphene sheet [5]. After Pt nanoparticle deposition, the disorder of 
the graphene sheet increases: the intensities of the D and D+D’ peaks increase relative to the other peaks, 
so that the I(D)/I(G) ratio increases to about 0.51; the I(2D)/I(G) ratio decreases to about 1; and the D’ peak 
(located at ~1644 cm-1) is now visible as a small shoulder on the G peak. These changes are consistent with 
an increased defect density within the graphene sheet [6], and, thus, a reduced distance LD between 
defects; based on the I(D)/I(G) ratio, LD is estimated to be ~17 nm [7]. This increased disorder can be linked 
to the large density of Pt nanoparticles on the graphene sheet (see Figure S4(a)), of about 3.6 x 104 
particles/µm2. The modifications noted in the Raman spectrum are consistent with other Pt nanoparticle-
CVD graphene hybrid films created by sputtering, such as those reported in [8]. 

The increased defect density after Pt nanoparticle deposition affects the CVD graphene sheet resistivity, 
which increases to ~3.1 kΩ/sq for the Pt nanoparticle-graphene hybrid (compared to only ~ 1.1 kΩ/sq for 
bare graphene). The sheet resistivity of the bare graphene sheet (of interest for electrical interconnects) 
is therefore comparable with expected values for CVD graphene [9]. Concerning the Pt nanoparticle-
graphene hybrid material, used in the electrochemical sensors, the sheet resistivity is less consequential: 
for electrochemistry applications, defective graphene was found to favour (fast) electron transfer, and is 
thus preferred to high quality graphene [10]. The Pt nanoparticles strongly boost the Faradaic current; 
hence, they are the component of the system that determines the sensitivity and limit of detection of the 
electrochemical sensor.  

Figure S5 shows Pt nanoparticle-CVD graphene hybrid films with Pt nanoparticles formed on graphene by 
electrodeposition (see Supplementary, section 4). This method has been employed for testing individual 
and deconstructed devices (such as that shown in Figure 3), but, as explained in the main text, has not 
been used for the realization of the pixel array devices. 

 

1 µm

(a)

1 µm

(b)
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Supplementary Figure S5. Electrodeposited Pt nanoparticle-CVD graphene hybrid. (a) and (b) Scanning 
electron microscopy (SEM) of electrodeposited Pt nanoparticle-CVD graphene hybrid films on SiO2/Si 
substrates. The graphene sheet appears to have a homogenous thickness; a defect line, where Pt 
nanoparticles electrodeposited in preference, is indicated in (a) by a red arrow. (c) Histogram showing the 
particle size distribution: a Gaussian fit gives 86 nm as the most probable diameter, while the FWHM is 87 
nm. There are about 8 Pt nanoparticles/µm2. 

 

4. Deconstructed pixel supporting data 

4.1  Fabrication procedures 

Graphene-based sensor fabrication. Chemical vapour deposition (CVD) graphene squares, typically 3 x 3 
mm2, and originally synthesized on copper foils, were transferred onto SiO2/Si chip substrates using 
standard procedures [11]. Successive deposition of Ti and Au (10/60 nm, respectively), or, alternatively, 
silver paint, in both cases completed with Au wire, provided electrical connection to the graphene film. Pt 
nanoparticles were then electrochemically deposited onto the graphene (see procedure below), 
enhancing its sensitivity towards H2O2. See section 3 of Supplementary for further characterization of this 
resulting Pt nanoparticle-CVD graphene hybrid material. The graphene-metal junctions were then 
insulated with a polydimethylsiloxane (PDMS) or silicone rubber frame with a central cylindrical hole, into 
which the hydrogel reservoir was cast on top of the graphene (Figure 2(b), panel 2).  
Pt nanoparticles were formed on the graphene electrodes by chronoamperometry for 1000 seconds in a 
10 µL drop of a solution of 1.7 µM hydrogen hexachloroplatinate and 0.1 M H2SO4 at -0.35 V against the 
Ag/AgCl micro-reference electrode (or -0.5 V against a Pt pseudo-reference electrode). Prior to this, cyclic 
voltammetry was used to determine the platinum (IV) chloride reduction potential in the reaction PtCl62- 
+ 4e-  Pt + 6Cl-.  
External reference microelectrode. An Ag/AgCl micro-electrode was fabricated by coating a 0.25 mm 
diameter, 99.95% pure, silver wire with AgCl by chronoamperometry in a 3.5 M KCl solution with Pt as 
reference and counter electrodes for 1 hour at 1 V. The wire was then encased in a 1% w/v agarose gel 
containing 0.1 M KCl in a 100 µL micropipette tip. The electrode was stored in 0.1 M KCl solution (replaced 
every month) at 4°C when not in use. The performance and stability of the electrode over time (e.g., up to 
4 weeks) were confirmed with cyclic voltammetry against a solution of 0.1 mM ferrocene dimethanol 
(FDM) in 0.1 M phosphate buffer at pH 7.4 against a standard saturated calomel electrode (SCE). The FDM 
oxidation peaks differed by only 48 mV when comparing the Ag/AgCl microelectrode and the SCE as 
reference electrodes, in agreement with the literature [12].  

(c)
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Gel casting and enzyme entrapment. 12 µL of an 8 mg/mL solution of glucose oxidase was deposited 
directly onto a graphene sensor region as defined by the PDMS or silicone rubber frame. A clear 1% w/v 
solution of low temperature gelling agarose in 0.1M phosphate-buffered saline (PBS) at pH 7.4 was 
prepared by warming the mixture above 80˚C and then cooling to 28˚C; i.e., below the gelling temperature 
of ~36˚C. Then, 12 µL of the gel (still at 28˚C) was added to the enzyme solution, such that the enzyme’s 
catalytic and structural properties were maintained [13] and enabling its efficient entrapment in the gel.  

4.2  Raw calibration curve data 

     

 

Supplementary Figure S6. Deconstructed pixel device, Pt nanoparticle-graphene sensor response as a 
function of glucose concentration. Raw chronoamperometric data from which Figure 3(a) was generated 
based on the procedure described in Methods. Regular additions of glucose over various concentration 
ranges to the pixel gel are indicated with arrows of different colours (red, green, purple and yellow in panels 
a, b, c, d, respectively); additions of phosphate-buffered saline (PBS) are shown by blue arrows. The 
chronoamperometric current increased after each of glucose addition, but decreased after addition of PBS, 
consistent with dilution of the glucose already present in the pixel gel. The numbers in the table insets 
indicate the actual glucose concentration within the gel after each glucose addition.  
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Supplementary Figure S7. Deconstructed pixel device: calibration curve (originally shown as a log-log 
representation in Figure 3(a)) presented here on a linear scale. Excellent linearity was observed over the 
0.005 to 0.7 mM range. Error bars indicate standard deviations which are typically 10 to 12% (Methods) of 
the plotted average values. 

4.3   Reverse iontophoresis (RI), ex vivo, with the deconstructed pixel device 

Materials. Fresh abdominal pig skin was dermatomed (Zimmer®, Ohio, USA) to a nominal thickness of 750 
µm and then cut into suitably-sized pieces, before being frozen until used. The follicular density of each 
skin section was determined visually under an optical microscope. 100 mM D-glucose (Sigma-Aldrich, U.K.) 
solutions were prepared in PBS and allowed to mutarotate overnight. The quantity of chloride ions 
required for the Ag/AgCl electrochemistry during RI was estimated to be 0.9 mM, and was comfortably 
supplied by the PBS in which the glucose solutions were prepared.  
Transdermal RI glucose extraction.  A vertical Franz diffusion cell set-up (Figure 2(b), panel 1) was used, in 
which the lower, sub-dermal chamber of the cell was filled with 7.5 mL of 100 mM glucose solution, and 
magnetically stirred for 1 hour. RI was performed by passing a constant current of 0.2 mA (corresponding 
to 2.2 mA/cm-2) for 1 hour between the anode and cathode from a power supply (Kepco, MB Electronic, 
USA); the potential across the skin was monitored regularly during current passage. The anode and 
cathode were located on opposite sides of the skin meaning that the electrical resistance of the 
iontophoresis circuit was about one-half of that expected in vivo (i.e., in a non-invasive configuration 
where both electrodes would be located on the skin surface and the iontophoretic current must as a 
consequence cross the skin twice [14]). However, because RI extraction is undertaken at constant current, 
the only difference between the ex-vivo and in vivo situations is the approximately two-fold higher voltage 
required to drive the current used in the latter case [14].  
 

4.4  1H-qNMR 

Validation of electrochemical detection of extracted glucose using 1H-qNMR 

A sufficient quantity of glucose as required for 1H-qNMR was obtained using the relatively large volume 
(24 µL) of gel reservoir in the deconstructed device; indeed, this required a large extraction current and a 
relatively long time (neither of which are compatible with the use of the small gel volumes (1 to 2 µL) 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

    

cu
rre

nt
 (µ

A)

glucose concentration in pixel gel (mM)

    

    

 

     

y = 0.199 x – 0.0008    R=0.999



S10 
 

present in the pixels of the array as this dries the gel and prevents extraction). Table S1 collects the results 
of several experiments in which the efficiency of glucose extraction was correlated with the hair density, 
and the analyte was detected either electrochemically or by 1H-qNMR. The data show a clear correlation 
between the ratios of concentrations extracted through twinned follicle-rich (23 follicles/cm2) and follicle-
poor (8 follicles/cm2) skin samples and the respective hair density ratios thereof. This strongly supports 
the hypothesis that glucose extraction by reverse iontophoresis (RI) into the miniature “pixels” indeed 
occurs primarily through preferred follicular pathways. The excellent agreement between the 
amperometric and NMR analytical techniques provides further confidence in the dual extraction-detection 
functions of this miniaturised, graphene-based platform.  

Supplementary Table S1. Validation of electrochemical detection of extracted glucose using 1H-qNMR. 
Correlation between extracted glucose concentration and follicular density ratios in twinned 
experiments, in which RI extraction was conducted under identical conditions on two skin samples with 
different follicular densities, and into identical gel reservoir volumes (24 µL). Each data point represents 
a different extraction-detection “twin” experiment, in which detection was performed via either 
chronoamperometry (using the same graphene sensor to measure the twinned reservoirs), or qNMR. 
The results from both techniques indicate a linear relationship between the two quantities.  

 

 

 
Methods: Glucose extraction and 1H-qNMR  

Reverse iontophoresis experiments were performed for 1 hour at 0.2 mA extraction current (i.e., ~2.2  
mA/cm2) using the set-up in Figure 2(b), panel 1, main text, on two skin samples having follicular densities 
of 23 and 8 hairs/cm2, respectively. Extractions were performed in twin, 24 µL gel reservoirs without 
glucose oxidase, and with 100 mM glucose in the subdermal compartment. Subsequently, the gel 
reservoirs were diluted (to a final volume of 120 µL) in bis/tris-EDTA (10 mM/1mM) buffer at pH 6.5. The 
mixture was warmed at 65°C for 10 minutes, and then cooled to 42°C before being incubated with one 
unit/100 µL of β-agarase for 1 hour. The enzyme dissolved the agarose, yielding liquid samples for NMR 
analysis. 

In parallel, a calibration curve of the NMR signal as a function of glucose concentration within the (glucose 
oxidase-free) gel (Supplementary, Figure S7 (b)) was constructed using similarly liquefied gel samples from 
a set of 24 µL gel reservoirs into which glucose had been dispensed to yield a series of known 
concentrations. The glucose solutions were allowed to mutarotate overnight at room temperature before 
being added to the gel. 

1H-NMR spectra (Supplementary, Figure S8 (a)) were recorded using a Bruker Avance III NMR spectrometer 
operating at 500.13 MHz for 1H. The probe used was a BBFO+ with three channels. Samples were analysed 
using a pre-saturation pulse sequence (noesygppr1d) at 25°C after addition of a small amount of D2O, with 

Hair density ratio
of porcine skin

Extracted glucose 
concentration ratio

Method

2.1 2.0 Electrochemistry:
chronoamperometry

2.3 1.2 Electrochemistry:
chronoamperometry

2.9 3.5 1H-qNMR

5.7 7.8 Electrochemistry:
chronoamperometry
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a known amount of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP) as reference and internal 
standard. Standard Bruker software (Topspin 2.1) was used for acquisition and processing, while the 
spectral window was 10330 Hz, with typically 256 transients. 

Glucose oxidase reacts with β−glucose [15]. Upon liquefaction of the gel reservoirs post-RI, the 1H-qNMR 
signal clearly revealed a doublet at ~5.1 ppm, attributed to D-α-glucose (Supplementary, Figure S8 (a)) 
[16]. The signal for β-glucose, however, was anticipated around 4.6 ppm [16], a spectral region in which 
other (unidentified) species had similar chemical shifts and made it impossible to isolate the β-glucose 
contribution at low concentration. Instead, the β-glucose concentration was calculated from the α-glucose 
1H-qNMR signal using the known α/β ratio of 0.56 at equilibrium [17], and interpolation on the NMR signal 
versus concentration calibration curve previously determined (Supplementary, Figure S8 (b)).  

  

 

Supplementary Figure S8. 1H-qNMR for evaluation of RI-extracted glucose. (a) Raw 1H-NMR spectra of 
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samples corresponding to two extraction experiments through skin samples with different follicular 
densities, specifically 23 and 8 follicles/cm2. Peaks corresponding to α-glucose, located around 5.1 ppm 
[16], are indicated. (b) 1H-qNMR-based calibration curve, obtained using samples of known glucose content 
(black dots). The coloured symbols correspond to glucose extracted in the two RI experiments from (a); the 
corresponding glucose concentrations are found by interpolation with the calibration curve of the α-
glucose 1H-qNMR signals determined from the raw spectra shown in (a).  

α-glucose concentration was determined from the peak areas in Figure S8 (a) and the 1H-qNMR calibration 
curve (Figure S8(b)), for the two extracted glucose samples; the corresponding β-glucose concentrations 
were determined in both cases from the known thermodynamic α/β = 0.56 content ratio [17]. The 
extracted glucose concentration ratio from the two experiments was then found, and compared with the 
respective follicular density ratio. The result of this analysis (Table S2) is incorporated into the information 
presented in Table S1, above.  

Supplementary Table S2. 1H-qNMR information from Figure S8. 

 

 

5. Thin film/CVD graphene pixel array supporting data 

5.1 Raw calibration curve data 

 

Technique

Sample 1:
8 follicles/cm2

Concentration 
(mM)

Sample 2:
23 follicles/cm2

Concentration 
(mM)

Concentration 
ratio

Follicle density
ratio

1H-qNMR
α = 0.050 α = 0.172

3.44 2.88
β = 0.089 β = 0.306
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Supplementary Figure S9. Thin film/CVD-graphene pixel array: Pt nanoparticle-graphene sensor 
response as a function of glucose concentration. An example of raw chronoamperometry data as a 
function of pixel gel-incorporated glucose concentration, from which a sensitivity calibration curve (as 
shown in Figure 4(c), panel 1) was obtained based on the procedure described in Methods. The inset tables 
indicate the glucose concentrations in the gel reservoir after each glucose addition.  

 

5.2 Comparison between batches of array 
 

 

Supplementary Figure S10. Comparison between different arrays. Sensitivity calibration curves for pixel 
devices from two different planar 2 x 2 arrays (labelled as arrays #1 and #4) showing similar behaviour. 
Current vs glucose concentration data conformed to slightly supra-linear functions.  

 

5.3 Supporting data for Figure 4(c), panel 3 
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Supplementary Figure S11. Supporting data for Figure 4(c), panel 3. (a) Visualization of follicles (density 
about 24 follicles/cm2) interrogated during RI extraction, with pixel areas (dashed squares) of about 9 mm2. 
Pixel 2c of the array (which provided the data from Figure 4(c), panel 3) probed 4 follicles and its calibration 
curve is shown in (b); the point highlighted in purple corresponds to the concentration of glucose extracted 
within the pixel (using an extraction current density of 0.5 mA/cm2 for 5 minutes, and 10 mM glucose 
subdermal concentration) determined from the chronoamperometric data in Figure 4(c), panel 3 according 
to the procedure described in Methods.  
 

6. Response to common potential interferant species 

Glucose and common potential interferant species (acetaminophen, ascorbic acid, and uric acid) in 
concentrations and ratios that are relevant to physiological conditions were delivered to a pixel device of 
the array. PBS acted as a blank control. Both thin film/CVD graphene (Figure S12) and screen-printed arrays 
(Figure S13) were tested.  

In Figure S12, glucose and interferants or PBS were added successively to the same gel reservoir. The 
chronoamperometric current increases after each glucose delivery and is allowed to reach its plateau value 
before the subsequent analyte addition; in contrast, each interspersed addition of interferant or PBS does 
not increase the current level. In the second part of the experiment (after 1900 s), when only PBS and 
interferants were added to the system, the level of the stabilized current never increases, unequivocally 
demonstrating the absence of sensor response to the presence of interferants. Instead, in this part of the 
experiment, a consistent decrease in the stabilized current is observed, which we attribute to the dilution 
of the glucose already accumulated in the pixel gel by the additions of interferants or PBS. We also note 
that, in this experiment, small transients sometimes altered the current at the beginning of an addition, 
which we attribute to a mechanical disturbance of the system during pipetting (see the results of better-
controlled experiments in Figure S13).  

 

Supplementary Figure S12. Response to interferants: acetaminophen, ascorbic and uric acids. Thin 
film/CVD graphene array: the 6 µL reservoir gel is a mixture of agarose and PBS (Methods); 0.4 µL 
additions of interferants in PBS. The inset tabulates the ‘in-gel’ concentrations of various analytes after 
each addition, to be read in ‘down & right’ order starting from the top-left corner. Key: acetaminophen 
additions (teal arrows), ascorbic acid (purple), PBS (cyan), and glucose (red).  

glucose
acetaminophen
ascorbic acid
PBS

0.015 0.0015 0.0029 0.086 0.112 0.0053

0.0015 0.045 0.073 0.099 0.0041 0.0053

0.030 0.059 0.0028 0.0042 0.124

Concentration in gel (mM)
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Figure S13 shows a series of experiments in which glucose additions are interspersed with additions of 
only one type of interferant, and sufficient monitoring time was allowed to clearly demonstrate system 
stabilization after each addition. Glucose and interferant were very carefully delivered onto the top of the 
counter electrode of the pixel device (i.e., avoiding the working electrode), and every effort was made to 
minimise mechanical disturbance of the system during pipetting. Figure S13 shows that steady-state 
diffusion in the gel microcavity was achieved. In general, delivery on top of the counter electrode mimics 
the glucose path during actual extraction conditions (see description of extraction circuit in Figure 2(c), 
main text), while at the same time allowing the system to stabilize after each glucose and interferant 
addition. We have also delivered the interferants (acetaminophen, ascorbic acid, uric acid, and PBS) first, 
before glucose is introduced to the system: none of the interferants elicited a response from the sensor.  

 

 

Supplementary Figure S13. Response to interferants: acetaminophen, ascorbic and uric acids. Screen 
printed array: The ~7 µL reservoir gel is a mixture of agarose and PBS (Methods); 0.1 µL additions of 
interferants in PBS. Glucose additions alternate with additions of (a) ascorbic acid, (b) uric acid, (c) 
acetaminophen, and (d) PBS (control experiment). The inset tabulates the ‘in-gel’ concentrations of the 
various analytes after each addition, to be read in ‘down & right’ order starting from the top-left corner. 
Key: acetaminophen additions (teal arrows), ascorbic acid (purple), uric acid (green), PBS (cyan), and 
glucose (red).  

In Figures S12 and S13, the equivalent subdermal concentrations corresponding to those in the gel used 
can be calculated from the inset tables as described in Methods: the in-gel concentration, C, and its 
subdermal equivalent, Cs, are related via the relationship Cs = C.F-1.(V[µL]/1[µL]), where V is the volume of 
gel reservoir, and F = 2.4 x 10-3 is the “subdermal-to-in-gel” conversion factor evaluated at 1 µL of gel and 
for a single follicular pathway. Accordingly, to give an example, the smallest equivalent subdermal 
concentrations of interferants used in Figure S13 were about 0.9 mM for acetaminophen and ascorbic 
acid, and 1.5 mM for uric acid. These values are larger than the relevant physiological concentrations (of 
0.1 and 0.25 mM, respectively, see main text), but ensure a measurable signal, while the glucose-to-
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interferant ratios used are physiologically pertinent. The ratios of interferant-to-glucose concentration 
increments were about 1/30 for acetaminophen and ascorbic acid, and 1/20 for uric acid, i.e., very close 
to physiological ratios (see main text; e.g., ratios of 1/50 and 1/20, respectively, are within the 
physiological range). In Figure S12, these ratios were larger, specifically 1/10 and 1/5, respectively, 
favouring interferant detection.  

Both Figures S12 and S13 demonstrate that none of the interferants elicit a response from the respective 
sensor. Only upon glucose addition is a significant increase in the amperometric current recorded.  

7. Comparison between various implementations of the array 

7.1  Calibration curves: screen printed array, thin film/CVD graphene array, deconstructed 3D pixel 

Figures 3-5 in the main text presented the detection current versus the glucose concentration in the pixel 
gel for the various generations of devices used in this work. For further comparison, the detection current 
was normalised to the macroscopic area of the sensing electrode (i.e., 3 x 3 mm2 for the deconstructed 
pixel device, and 1 x 2 mm2 for the working electrode of the array pixel devices) in each of these cases. 
This normalization eliminates the geometrical differences between the different generations of devices, 
but retains the potential effect of different electrochemically active surface areas of the electrodes (i.e., 
as determined by their nanostructure).  

Figure S14 shows the resulting current density versus glucose concentration in pixel gel for representative 
screen-printed arrays, thin film/CVD graphene arrays, and CVD graphene-based deconstructed pixel 
devices. When plotted in a log-log format (Figure S14 (a)), the three curves show similar, supra-linear 
behaviour but with clearly larger current densities for the pixel array devices. When plotted on a linear 
scale (Figure S14(b)), the sensitivity of the devices can be determined as the slope of the curves: both 
planar array prototypes show 10 to 15-fold larger sensitivity compared to the deconstructed device. This 
is attributed to the different density and morphology of the sputtered Pt nanoparticles used for the array 
devices, compared to the electrodeposited ones used in the deconstructed devices. As described in section 
3 above, with sputtering, there were 3.6 x 104 particles/µm2 of 4.5 nm mean diameter whereas, by 
electrodeposition, there were 8 particles/µm2, of 86 nm mean diameter. Notwithstanding the size 
difference, which is known to affect catalytic activity, it is expected that sputtering, where the particle 
surface is not covered by residual chemical groups (as in electrodeposition), favours increased electro-
activity, as noted also in ref. [8]. There, as here, the detected species was H2O2.  
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Supplementary Figure S14. Comparison of chronoamperometric current density versus glucose 
concentration calibration curves: screen printed array, thin-film/CVD graphene array, and 
deconstructed, three-dimensional pixel device. The three curves in (a) correspond to representative 
devices: for each of the array types, the plots shown are representative pixel calibration curves, normalized 
to the 2 mm2 area of the Pt nanoparticle-graphene pixel working electrode; the plot for the deconstructed 
pixel device is obtained from the curve in Figure 3(a), after normalization to the 9 mm2 of the Pt 
nanoparticle-graphene working electrode. Error bars (in (b)) indicate standard deviations determined as 
described in Methods. 

Both log-log (Figure S14 (a)) and linear (Figure S14 (b)) plots of the data confirm the similar performance 
characteristics of the screen printed and thin film/CVD graphene arrays, as expected from their common 
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architecture. This reinforces the consistent behaviour of the two prototypes, as reflected in the ensemble 
of ex-vivo data from Figures 4 (thin film/CVD graphene prototype), and 5(a) (screen printed prototype). 

 

7.2 Au-based array 

All the process steps used for the fabrication of CVD graphene-based arrays remained the same except 
that, instead of graphene, gold pixel regions, of about 150 nm thick, preceded by 20 nm Pd as an adhesion 
layer, were deposited by thermal evaporation in the desired locations through appropriate stencil masks. 
Together with sputtered Pt nanoparticles, these formed the working electrodes. 

Figure S15 shows current versus glucose concentration in pixel gel calibration curves for the individual 
pixels of Au-based thin film arrays. These curves are very similar to those for the thin film/CVD graphene 
arrays shown in Figure 4(c), panel 1, and to those corresponding to the screen-printed arrays.  

 

 

Supplementary Figure S15. Calibration curves for a Pt nanoparticle-decorated, Au-based array. The 
geometrical design of the array and the method of deposition of the Pt nanoparticles are identical to those 
used in the screen printed and thin film/CVD graphene-based arrays.  

 

 

8. In-vivo data acquired with screen printed arrays 

8.1 Control glucose detection experiment in absence of RI extraction 

To demonstrate that no glucose is delivered to or sensed by the pixel devices without applying reverse 
iontophoresis (RI), continuous extraction/detection cycles were performed in vivo with two pixels in 
tandem (as used for the experiment in Figure 5(b), panel 3, main text; see Methods) while changes in blood 
glucose were provoked by food ingestion (Figure S16). While the blood sugar profile, monitored with a 
commercial glucose meter (Accu-Chek® Mobile), increased and then fell in response to insulin secretion in 
the healthy volunteer as expected, the read-out from the two pixel devices did not show any significant 
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change in the read-out current. This confirms that, in the absence of RI-extracted, ISF-borne glucose, there 
is no other source of glucose available for detection by the array. 

  

Supplementary Figure S16. Control glucose monitoring experiment, without RI extraction. Blood sugar 
varies (black), while the alternating read-out currents from the two pixel devices (green) do not. 
 

8.2 Skin tolerability in vivo 

No sign of skin irritation was observed (Figure S17 (a)) after the 6-hour in-vivo glucose monitoring 
experiment shown in Figure 5(b), in which the extraction current density j was 1 mA/cm2 across an area of 
about 0.06 cm2; even when the current was raised to 2 mA/cm2 (Figure S17 (b)), no erythema was 
observed. 

 

Supplementary Figure S17. Skin tolerability in-vivo. Skin shows no signs of irritation after being subjected 
to (a) 6 hours of extraction-detection cycles at 1 mA/cm2 extraction current density, or (b) when the 
extraction current density was increased to 2 mA/cm2.  The two experiments used two different arrays, and 
for each array pixels a and b were used in tandem. In (a), extraction takes place across two hair follicles for 
each of the pixels a and b. 
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Ledger [18] (see Figure 3 therein) reports that the tolerable current density increases as the skin area 
exposed to current decreases, i.e., as the total current passed is decreased. This is consistent with a simple 
analysis that, to a first approximation, relates skin irritation to Joule power dissipation (P) during RI 
extraction across the skin.  As P is proportional to the product of the current density j and the current I, it 
can be maintained within certain limits; for example, j can be increased if I is decreased proportionately. 
Although there are no reports of RI extraction through areas as small as those used in our work, Table I of 
Ledger [18] cites various sensations felt in conditions relatively close to ours: ’tingling’ when j = 0.4 mA/cm2 
across an extraction area of 0.64 cm2 (i.e., corresponding to I = 0.26 mA); and a 'discernible sensation' for 
j = 3.2 mA/cm2 across an area of 0.13 cm2 (i.e., corresponding to I = 0.4 mA). Comparatively, the skin 
tolerance to the current density values used in the in vivo experiments reported here adheres to, and can 
be explained, by this trend. 

Figure S17 (b) also shows three pieces of gel (prepared as described in Methods) intentionally left on the 
skin at the end of a continuous extraction experiment, demonstrating their resilience.  

8.3 Alternative read-out for continuous in-vivo measurements 

The alternative read-out procedure used for the in-vivo measurements shown in Figures 5(b) and 
Supplementary, Figure S16 is justified below using the detection data covering the whole hypo-to-hyper 
glycaemic range from Figure 5(a). Figure S18(a) shows the respective detection curves recorded over 10 
minutes, while Figure S18(b) compares two read-outs displaying: (i) the current averaged over 50 to 600 
seconds (as used throughout all the ex-vivo experiments reported in the main text), and, alternatively, (ii) 
the instant detection current measured at a shorter time, e.g., t = 300 s. The later method allows one to 
shorten the duration of the extraction-detection cycle, by reducing the detection stage to 5 minutes. Both 
currents appear to have the same gradient as a function of the subdermal concentration (Figure S18(b)), 
demonstrating that the two read-outs are similarly sensitive. The soundness of this alternative read-out, 
based on an instant current reading at a shorter time, is intrinsically supported by its ability to track the 
blood glucose variation in real-time, as demonstrated in Figure 5(b), panel 3. 

 

Supplementary Figure S18. Alternative read-out. (a) Read-out (detection) current from Figure 5(a), panel 
1, covering the whole hypo- to hyper-glycaemic range and recorded over 600 s. (b) Two read-out 
approaches: (i) based on an average current, and (ii) based on an instant current.  
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