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Note S1. In situ synthesis of MXene-Prussian blue (MX-PB)

Prussian blue (PB) nanoparticles is synthesized in sifu on exfoliated MXene nanosheets
when mixed in a solution containing ferric chloride and ferricyanide (Methods). The
detailed synthetic pathway of MX-PB is depicted in fig. S14a. When exposed to the Fe*
ions, the electrostatic-repulsive forces between the MXene nanosheets are destroyed as the
positively charged metal ions spontaneously bind to the negatively charged surface of
MXene (54). This is evident by the instantaneous aggregation of MXene which forms
sediments at bottom of the dispersion. At the same time, it can also be observed that the
dispersion turned blue instantaneously which suggests spontaneous formation of PB
nanoparticles. This process is similar to the one-step hybridization of metallic nanoparticles
with MXene using aqueous metal salt precursors (55—57). The formation mechanism can
be explained by an in situ reduction-oxidation (redox) process, where the Ti on the surface
of MXene serves as reductant for reducing ferric ions (58, 59):

Fe*'— Fe?* (1)

Fe(CN), *— Fe(CN)* )

A series of material characterization techniques including XRD, Raman, EDS and TEM
were used to determine the formation of MX-PB (figs. S14 and S15). From the XRD and
Raman spectra of MX-PB, characteristic peaks originating from both MXene and PB were
observed (fig. S14B and S14C). EDS mapping of MX-PB deposited on porous CNT-
styrene-butadiene-styrene (CNT-SBS) revealed that all the elemental compositions of MX-
PB (i.e., C, Ti, Fe and N) were uniformly distributed (fig. S14D and S14E). The
microstructure of the MX-PB was further investigated using TEM (fig. S15). As can be
easily observed, many PB nanoparticles were decorated uniformly on the surfaces of the
MXene nanosheets. High resolution TEM images in Fig. 3F unveiled the presence of PB
nanoparticles with measured D-spacings of 0.36 nm and 0.23 nm corresponding to (220)
and (420) crystal planes of PB, respectively. The average size of the PB nanoparticles were
estimated to be ~8 nm. It is noteworthy to mention that no leaching of PB nanoparticles
from the MX-PB was observed after repeated centrifugation indicating strong electrostatic
attraction between the MXene and PB nanoparticles.
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Fig. S1. 3D printing with customizable inks. (A) Optical image of the semi-solid extrusion
(SSE)-based 3D printing system. Scale bar, 10 cm. (B) Optical image of the tapered tips and
stainless-steel straight tips for inks with different properties. Scale bar, 1 cm. (C) Optical
image of the customizable inks for 3D printing. (D and E) Typical plots of viscosity (D) as
a function of shear rate and storage modulus (G') and loss modulus (G") (E) as a function
of shear strain for 3D-printable inks. The green and purple boxes represent shear conditions

following and during extrusion, respectively.
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Fig. S2. Fabrication process of the 3D-printed e*-skin. Schematic illustration of the
sequential printing and assembly of the e*-skin consisting of 3 components: 3D-printed
microfluidics, 3D-printed biosensors, and 3D-printed energy storage device.
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Fig. S3. Schematic illustration of the preparation process of concentrated MXene inks.
MXene nanosheets were synthesized from MAX phase precursor using the minimally
intensive layer delamination (‘MILD’) method (60).
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Fig. S4. Characterization of the 3D-printed filament with the MXene inks. (A)
Schematic of the SSE-based 3D printing of MXene filament. V| printing speed; P, pressure;
D, nozzle diameter; H, printing height; d, diameter of printed filament; C, extrusion speed;
a, die swelling ratio. (B) Theoretical model for the diameter of the printed filament as a
function of the printing speed based on the equation for volume conservation®:

d=aD/VVIC (1)

For printing of straight filament, the printing speed, V, must be equal or greater than the
critical extrusion speed, CS. As V increases, the diameter of the printed filament, d,
decreases and the filament becomes thinner. When V" exceeds the limiting speed, LS, the
filament cannot be conformally deposited on the substrate resulting in discontinuity. (C and
D) Viscosity as a function of shear rate (C) and storage modulus and loss modulus as a
function of shear strain (D) of the MXene ink (60 mg mL™"). (E) Microscopic image of the
printed MXene filaments with gaps from 10 um to 50 pm. Scale bar, 100 pm. (F to H)
Linewidth distribution (F and G) and uniformity (H) of the 100 printed MXene filaments
with an ultrahigh spatial uniformity of 0.93%.
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Fig. SS. Characterization of the MXene nanosheets. (A and B) Atomic force microscopy
(AFM) image of MXene nanosheet (A) and its corresponding height profile (B). Scale bar,
500 nm. (C) The distribution of lateral size of 60 sampled MXene nanosheets.
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Fig. S6. Characterization of 3D-printed temperature sensors with different linewidth.
(A) Optical image showing the linewidth of the temperature sensor in our e3-skin. Scale
bar, 500 um. (B and C) Dynamic response of the MXene-based temperature sensors with
different linewidth under varying temperature (B) and the calibration plot within

physiological temperature range (C).
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Fig. S7. Dynamic response of the MXene temperature sensor. (A and B) Response time

of a MXene temperature sensor upon contact with and removal from the human skin (A)
and an ice cube (B).
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Fig. S8. 3D-printed porous CNT-PDMS. (A) Schematic illustration of the preparation of
3D-printed porous CNT-PDMS followed by selective phase elimination process. (B) Finite
element method (FEM) analysis of the relative displacement of the CNT-PDMS under the
same applied pressure with no porosity, low porosity, and high porosity. (C) FEM analysis
of the relative displacement of the CNT-PDMS with different porosities under the applied
pressure. PDMS, polydimethylsiloxane.



Fig. S9. Characterization of the salt microparticles. (A to C) SEM images of salt
microparticles from three batches showing the constant size with 20-40 pm. Scale bars, 20

um. (D) SEM image of 3D-printed CNT-PDMS before the removal of salt microparticles.
Scale bar, 100 pm.
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Fig. S10. Characterization and optimization of 3D-printed CNT-PDMS. (A to D) SEM
images of the 3D-printed porous CNT-PDMS using a ratio of CNT-PDMS and salt of 1:1
(A), 1:2 (B), 1:3 (C) and 1:4 (D). Scale bars, 50 um. (E) Storage and loss modulus of the
CNT-PDMS-salt inks with varying compositional ratios as a function of shear strain. (F and
G) Surface area (F) and the stress-strain curves (G) of the 3D-printed porous CNT-PDMS
with varying compositional ratios. (H) Resistive responses of pressure sensors with varying
compositional ratios under applied pressure.
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Fig. S11. Structural and mechanical characterization of the optimized porous CNT-
PDMS. (A and B) SEM images of the 3D-printed porous CNT-PDMS at the initial state
(A) and after 1,000 pressing-releasing cycles (B). Scale bars, 20 pm. (C) Magnified SEM
image of porous CNT-PDMS revealing the uniform distribution of the embedded CNTs.
Scale bar, 1 um. (D) Sequential loading-unloading cycles of CNT-PDMS under different
strains from 20% to 60%. (E) Current-voltage (I-V) curves of the pressure sensor under
different pressure loads. (F) Repetitive responses of the pressure sensor under small
pressure loads.
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Fig. S12. 3D-printed pressure sensors with different surface architectures. (A to C)
Top and cross-sectional schematic and SEM images of the 3D-printed CNT-PDMS with
cone (A), semi-cylinder (B), and cross-line (C) architectures. Scale bars, 100 um. (D) FEM
analysis of the von Mises stress field of different architectures under 25% strain. (E) FEM
analysis of the contact area of the 3D-printed pressure sensors with different architectures
under applied pressure. (F) Stress-strain curves of the 3D-printed pressure sensors under
maximum strain of 50%.
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Fig. S13. Long-term stability of the piezoresistive pressure sensor. Repetitive pressure-
loading test involving 20,000 pressing-releasing cycles. Insets, Dynamic responses of the
pressure sensor during the 100-105 and 17100-17105 pressing-releasing cycles.
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Fig. S14. Characterization of 3D-printed carbon-based electrodes. (A to C) SEM
images of graphite-SBS (A), carbon black (CB)-SBS (B), and CNT-SBS (C). Scale bars, 10
um. (D to F) Storage and loss modulus of the graphite-SBS (D), CB-SBS (E), and CNT-
SBS (F) as a function of the shear strain. (G to I) Cyclic voltammetry (CV) curves of a 3D-
printed graphite-SBS electrode (G), a 3D-printed CB-SBS electrode (H), and a 3D-printed
CNT-SBS electrode (I) in a solution containing 5 mM [Fe(CN)s]*~ and 0.1 M KCl at the
scan rate of 50 mV s,
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Fig. S15. Optimization of the 3D-printed porous CNT-SBS electrode. (A) Schematic
illustration of the preparation of 3D-printed porous CNT-SBS electrode by selective phase
elimination. (B and C) CV curves of a 3D-printed CNT-SBS electrode with different CNT
compositional ratios (B) and different PEG compositional ratios (C) in a solution containing
5 mM [Fe(CN)g]>~ and 0.1 M KClI at the scan rate of 50 mV s!. (D) CV curves of 6 CNT-
SBS electrodes in a solution containing 5 mM [Fe(CN)¢]*>~ and 0.1 M KCl at the scan rate
of 50 mV s!,
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Fig. S16. Electrochemical characterization of the 3D-printed CNT-SBS electrode for
uric acid (UA) detection. (A) Differential pulse voltammetry (DPV) curves of 3D-printed
CNT-SBS-based UA sensor using 9 wt% CNT in 0-200 uM UA. Inset, the corresponding
calibration plot. J, peak height current density. Error bars represent the s.d. from 5 sensors.
(B) Sensitivity of the 3D-printed CNT-SBS-based UA sensors with different CNT
compositional ratios. (C) DPV curves obtained in raw sweat samples using a graphite-SBS
electrode, a CB-SBS electrode, and a CNT-SBS electrode.
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Fig. S17. Characterization and validation of in situ reduction of MX-PB. (A) Schematic
illustration of the synthesis of MX-PB. (B) X-ray diffraction (XRD) pattern of MAX
powder, MXene nanosheets, PB nanoparticles, and MX-PB. (C) Raman spectra of the PB
nanoparticles, MXene nanosheets, and MX-PB. (D and E) Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping images (D) and its corresponding spectrum of MX-

PB (E). Scale bar, 1 um.



Fig. S18. Characterization of MXene and MX-PB. (A to D) Bright field transmission
electron microscopy (TEM) and magnified TEM images of MXene nanosheet (A and B)
and MX-PB nanosheet (C and D). Scale bars, 500 nm (A and C) and 50 nm (B and D).
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Fig. S19. Characterization of MX-PB as the mediator layer for H,O: detection. (A to
C) Amperometric responses of the H>O; sensors in 0-500 uM H>O; with PB ink (A) and
MX-PB (B) as the mediator layer, and the corresponding calibration plots (C). PBS,
phosphate-buffered saline.
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Fig. S20. Optimizations of enzymatic glucose and alcohol sensors. (A and B)
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Fig. S21. Evaluation of the diffusion-limiting layer for alcohol sensing. (A and B) The
amperometric responses in 0-20 mM Alc without (A) and with (B) a diffusion-limiting
layer. CS, chitosan. BSA, bovine serum albumin.
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Fig. S22. Long-term stability and repeatability of enzymatic alcohol sensors. (A) The
long-term stability of alcohol sensor. (B) The repeatability of alcohol sensor at varying
alcohol concentrations.
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Fig. S25. Evaluation of continuous microfluidic sensing performance under dynamic
flow test. (A to D) Dynamic amperometric responses of glucose sensor (A and B) and
alcohol sensor (C and D) under varying flow rates of 1-4 pL min™! (A and C) and after
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Fig. S27. Influence of pH levels on the responses of glucose and alcohol sensors. (A to
D) Amperometric sensor responses with varying pH levels and the corresponding 3D
calibration plots for glucose sensor (A and B) and alcohol sensor (C and D).
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Fig. S28. Influence of temperature on glucose and alcohol sensors. (A and B)
Amperometric sensor response of glucose sensor in 100 uM Glu under varying temperature
(A) and the corresponding calibration plot (B). (C and D) Amperometric sensor response of
alcohol sensor in 10 mM Alc under varying temperature (C) and the corresponding
calibration plot (D).



80 v No pressure v 1kPa v 2 kPa 80 v Flat v Kr(5cm) v/ (2cm)
—~ Glu —_ Glu
g g
~ -100 ~ -1001
o o
-120 T T -120 T T

— Alc —_ Alc
< -100 < -100
= =

© r e o |
=< =<

-120 T T -120 T T

— H = pH
S 2 S ]
E 90 £ 20 .

T T

=3 S
] ]

60 60
0 200 400 600 0 200 400 600
Time (s) Time (s)

Fig. S29. Mechanical stability of the biochemical sensors. (A and B) Responses of the
biochemical sensors in PBS buffer containing 50 uM Glu and 10 mM Alc under different
applied pressure (A) and bending conditions (B).
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Fig. S30. Biocompatibility evaluation of the 3D-printed e*-skin. (A) Representative live
(green)/dead (red) images of normal human epidermal keratinocytes (NHEK) cells seeded
on the e3-skin and in PBS (control) after 1-day and 7-day culture. Scale bar, 50 um. (B)
Quantitative analysis of cell viability images over a 7-day period post culture. Error bars
represent the s.d. from 3 measurements. HDF, human dermal fibroblasts.
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Fig. S31. Characterization of MXene inks. (A) Optical image of the MXene inks with
concentrations of 30 mg mL™! (L), 60 mg mL! (M), and 120 mg mL"!(H). Scale bar, 1 cm.
(B) Storage and loss modulus of MXene inks with different concentrations as a function of
shear strain. (C and D) Viscosity of the MXene inks (M and H) as a function of shear rate
(C) and interval shearing time (D). Alternating shear rates between 0.01 s and 100 s! was
used to simulate the extrusion process.
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Fig. S32. Characterization of 3D-printed MXene electrodes after different post-
treatments. (A to D) SEM images of highly concentrated MXene after air-drying (AD-H)
(A and B) and freeze-drying (FD-H) (C and D) post-treatments. Scale bars, 5 um (A and C)
and 1 um (B and D). (E and F) Surface area (E) and contact angle (F) of the different MXene
electrodes. AD-M MXene, air-dried MXene with moderate concentration (60 mg mL"!).
Scale bar, | mm. (G and H) CV curves at the scan rate of 50 mV s! (G) and electrochemical
impedance spectroscopy (EIS) plots (H) of different MXene electrodes in a solution
containing 5 mM [Fe(CN)¢]*>~ and 0.1 M KCl.
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Fig. S33. 3D-printed architectures using high-concentrated MXene inks. (A to F)
Optical images of 3D-printed pyramid (A), butterfly (B), crown (C), flower (D),
Archimedean spiral (E), and Chinese knot (F). Scale bars, I mm.
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Fig. S34. Schematic illustration of the manufacturing strategy for 3D-printed
symmetric interdigital micro-supercapacitor (MSC). Synthesis of 2D MXene
nanosheets using the ‘MILD’ method; development of high-concentrated MXene ink and
evaluation of its rheological properties; SSE-based 3D printing of multilayered MXene with
an interdigital structure, followed by freeze-drying phase elimination process to induce 3D
freestanding porous architectures; preparation of the solid-state symmetrical MSC by

printing PVA-H>SOq4 gel electrolyte.
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Fig. S35. Characterization of the 3D-printed MSC. (A) Schematic illustration of the
MSC with interdigital design. (B) Viscosity of the PVA-H>SO4 gel electrolyte as a function
of shear rate. (C) Cross-sectional SEM image at the interface between the MXene electrode
and PVA-H>SOq4 gel electrolyte. Scale bar, 10 pm. (D) Optical images of 3D-printed MSCs
on different substrates. Scale bars, 5 mm. PI, polyimide; PET, polyethylene terephthalate.
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Fig. S36. Biocompatibility evaluation of 3D-printed MSC. (A) Representative live
(green)/dead (red) images of HDF cells seeded on the MSC and in PBS (control) after 1-
day and 3-day culture. Scale bar, 100 um. (B) Quantitative analysis of cell viability images
over a 3-day period post culture. Error bars represent the s.d. from 3 measurements.
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Fig. S37. Parametric study on the electrochemical performance of 3D-printed MSCs.
(A to C) CV curves of 3D-printed MSCs with different number of interdigital pairs () (A),
different gap (g) (B), and different length (/) (C) at a scan rate of 20 mV s’'. (D to F)
Galvanostatic charge-discharge (GCD) profiles of 3D-printed MSCs with different number
of interdigital pairs (n) (D), different gap (g) (E), and different length (/) (F) using a
charging-discharging current of 0.5 mA.
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Fig. S38. Electrochemical performance of multilayered 3D-printed MSCs. (A) Optical
images of MXene-based MSCs with 1 layer (MSC-1L), 3 layers (MSC-3L), 5 layers (MSC-
5L), and 10 layers (MSC-10L). Scale bar, 5 mm. (B to D) CV curves of 3D-printed MSC-
1L (B), MSC-3L (C), and MSC-5L (D) at different scan rates. (E to G) GCD profiles of
3D-printed MSC-1L (E), MSC-3L (F), and MSC-5L (G) using different charging-
discharging currents.
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Fig. S39. Long-term cycling stability of the 3D-printed MSC. (A) Capacitance retention
of the 3D-printed MSC-10L during 2,000 cycles. (B and C) CV curves of the 3D-printed
MSC-10L during the first cycle (B) and the 1800th cycle (C) at the scan rate of 5 mV s,
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Fig. S40. Characterization of the solar cell-powered e*-skin performing multiplexed
on-body measurement sequences under indoor light intensity. (A and B) Charging-
discharging curve of the MSC (A) and the expanded view of power consumption of
multiplexed measurements (B) during a 300s period with a 1 s measurement interval (3 s
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Fig. S41. On-body glucose tolerance study. (A to C) On-body evaluation of the e*-skin
for multiplexed physiological monitoring during and after soft drink intake on subject 1 (A),
subject 2 (B) and subject 3 (C). HR, heart rate; bpm, beats per minute.
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Fig. S42. In vitro glucose sensor validation. (A and B) Dynamic responses of blood
glucose levels using a commercial blood-glucose meter and sweat glucose readings obtained
from the e3-skin at fasting state (A) and after food intake (B).
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Fig. S43. In vivo alcohol sensor validation. (A and B) Dynamic responses of blood alcohol
content (BAC) using a commercial breathalyser and real-time sweat alcohol readings
obtained from the e3-skin after consumption of 1 bottle (A) and 2 bottles (B) of beer.
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Fig. S44. Influence of alcohol on the reaction time and degree of impairment for
control inhibition in cued Go/No-Go task. (A and B) Mean reaction time to Go targets
with vertical cue (RT-V) (A) and commission errors (%) to No-Go targets with horizontal
cues (Error-H) (B) for 5 subjects under three alcohol conditions. Error bars represent the
s.d. from 5 measurements.
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Fig. S45. Shapley additive explanation (SHAP) summary plots for the cued Go/No-Go
task based on dataset from the e3-skin. (A and B) SHAP summary plot explaining the
feature importance in the regression model of RT-H (A) and Error-V (B) for every data
point in the testing dataset using all four features.



Table S1. Customizable inks for e3-skin fabrication

Customizable inks

Printed components

Ink formulation

MXene
MXene
CNT-PDMS
Ag
CNT-SBS
CNT-SBS-PANI
SBS
MX-PB
Carbagel
PVA-H,SO,
GOx
PU
AOx

Biophysical sensors & interconnects

Micro-supercapacitor electrodes

Pressure sensor

Reference electrode

Working & counter electrode

pH sensor

Substrate & microfluidics

Sensing layer
lontophoresis
Gel electrolyte
Enzymatic layer
Diffusion-limiting layer

Enzymatic layer

60 mg mL-" MXene in water
120 mg mL-' MXene in water
3 wt% CNT with PDMS in toluene (1:4)
Commercial Ag paint
9 wt% CNT + 7 wt% PEG + 25 wt% SBS in toluene
9 wt% CNT + 5 wt% PANI + 7 wt% PEG + 25 wt% SBS in toluene
25 wt% SBS in toluene
1 & 10 mg mL-" MX-PB in water
2 wt% agarose + 5 wt% gelatin + 1 wt% carbachol/KCl in water
10 wt% PVA + 10 wt% H,SO, in water
1 wt% chitosan in 0.1 M acetic acid + 10 mg mL-' GOx in PBS (2:1)
2 wt% DMF + 3 wt% PU in THF
1 wt% chitosan in 0.1 M acetic acid + 10 mg mL-" BSA in PBS + AOx (1:1:8)




Video Captions

Video S1. 3D-printed biophysical sensors.

Video S2. 3D-printed microfluidics

Video S3. In vivo iontophoresis & microfluidic flow test.
Video S4. 3D-printed micro-supercapacitor.

Video S5. 3D-printed multiple architectures.
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