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ABSTRACT: Green electronics on biodegradable substrates from natural sourceshave
gained broad interest because of the advantages of being biodegradable, recyclable,
sustainable, and costegent. This study presents a low-cost, yet simple extractio[)\anwj ) "
puri cation method that explores aqueous extraction and precipitation with ethanol for
the synthesis of galactomanrars. In salient contrast to the other materials of natural
origin, the process to obtain galactomarnanis energy eient and environmentally

friendly. As an alternative biodegradable material, galactomannan has direct relevance to
the recent emerging biodegradable or transient electronics. The galactomannan substrate
with temperature sensors and electrodes fabricated from zinc, a biodegradable material
noted for its essential biological function, demonstrates a high-precision measurement of
temperature and highdelity monitoring of electrophysiological signals (electromyQsrature
gram or electrocardiogram). The resulting disposable sensors disappear withoutsaittace
in water and produce environmentally benign end products that could even be used for
alkaline soil amendments. The set of materials explored in this study is also stable in
organic solutions, enabling solvent-based fabrication that may be combined with recent advances in additive manufacturi
techniques for a novel manufacturing method.

KEYWORDS:galactomannan substrates, fully water soluble, green electronics, high-performance, biodegradable sensors

INTRODUCTION of amino acids, galactomannan is a polysaccharide-based
biomaterial associated with a simpler, greener, and more
gnergy-ecient extraction procesS. In addition, the
galactomannanim exhibits a relatively good mechanical
property and a certain degreeedfibility, whereas the gelatin
broin Ims are usually brittle because of the rigid partial

As rapid technological advances have led to acaigni
decrease in the lifetime of consumer electronics, an ev
growing number of electronic items are ending up idlsand
(a total electronic waste 0B.2 M/year in the US). To

address such a long-standing challenge, it is of increas , ) .
interest to explore biodegable materials for device double bond in the peptide chain resulted from the polar
fabrication, where the electronic systems disappear ¥UPS (i-e. 6N bond in the protein macromolecufa).
controlled rates with environmentally benign end products/though biodegradable wood-derived polymers enable paper-
when exposed to water. For instance, one can use an electr&dged electronics, the large surface roughness of regular paper
component as a temporary monitor in the environment ang@lt € micrometer scale often triggers device féinsean

allow it to safely dissolve on its own without the need fopltérnative, a nanopaper made from nanocellulosebgrano
recollectiori>° This ability opens a wide range of application<" nanocrystal) has been explored for electronics fabrica-

. . . f 22528 : .
from diagnostic/therapeutic impl&nité to permanent  tion. However, the nanocellulose extraction process is

destruction of hardware for data sectrify. typically associated with high energy and water consumption.
Certain applications could, however, hefrem the The energy input to produce the cell'ulose feemas petween
utilization of natural renewable biomaterials as the substra2®, 000 and 30000 kW Hft Meanwhile, the chemicals used
in which the disposed devices could be recycled and furtdé Prepare nanocellulose, such as (2,2,6,6-tetramethylpiper-
used in the environment (or even in the human body)idine-1-yl)oxidant for cellulose narer preparation and 98%
Representative examples of materials with natural origin
include gelatitf, shellac! silk'®rice paper, and biodegradable Received: July 13, 2018
cellulose nanbril*® In comparison to the protein-based Accepted: September 28, 2018
material such as gelatin ahtbin that consists repeating units Published: September 28, 2018
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Figure 1.(a) Galactomannan consists of a mannose backbone and galactose side dreugser(a)leucoceptialdeucocephplia of

comprised cotyledon, endosperm, and testa. (c) Digital image of thelsdedsaafephald) Digital image df. leucocephafa) Schematic

illustration that shows the potential applications of the fully water-soluble, biodegradable sensors on an ultrathin galactomariady substrate pe
dissolved in water upon immersion as disposable environmental sensors (top) or placed on a heart to potentially diagnose its arrhythmog
disease states (bottom). The representative sensors could include arrays of temperature sensors for mapping temperature distributior
electrodes for electrophysiological signal measurements such as electrocardiogram (ECG).

H,SQ, for cellulose nanocrystal preparation, are toxideucocephdla. leucocephga a water-soluble and biodegrad-
corrosive, and costly. In addition, the cellulose nanopaperable substrate for transient electric sensors.
not shape-stable in organic solvents, which is a big challeng&/idely used in the food and biomedical industry,
for the device fabrication in organic solvents and indeeghlactomannan, an earth-abundant reproducible polysacchar-
impedes its widescale industrial applications. The aforeméahe, represents a promising alternative. The chemical structure
tioned challenges also hold true for other resorbabléigure &) of galactomannan consists of mannose backbone
biomaterials that have been explored in the initial demomy -1,4-glucosidic bonds and galactose side chairls @y
stration of transient electronics. glucosidic bonds, and the mannose/galactose (M/G) ratios
The central focus of transient electronics has been on thi er depending on the botanic sodfc€ompared with
exploration of various materials toward a functional devicether degradable materials, the galactomanméas several
Similar to conventional circuits, critical components ofiniqgue features: (1) the extraction method is facile and
transient electronics also include semiconductors, conduct@ealable, where the galactomannan is extracted from the
and insulators. Rapid developments of transient electroniesdospermHigure b) of the dicotyledonous seedsg(ire
have nucleated on a recent discdVehat single-crystal 1c) from L. leucocephdligure @),** Cyamopsis tetragono-
silicon can undergo hydrolysis to dissolve in biologicallpbg'> and Sesbania cannabBinaith low cost; (2) the
relevant conditions, that is, body temperature and near-neutagjueous extraction and ethanol pation method to obtain
pH levels. Additional inorganic semiconducting materialgalactomannan is also more environmentally friendly and
explored for transient electronics also include’ zmo energy ecient when compared with that used for nano-
Ge®! As for conductors, a variety of transient metals have beeallulose; (3) the water-soluble galactomannan substrate is
studied? including Mg, Zn, Fe, Mo, and W. Biodegradableshape-stable in an organic solvent, providing a good shape
insulators that serve as passivation and encapsulationstability in an organic solvent based fabrication method. To
microelectronics are also critical for the operation of thdemonstrate the application of galactomannan substrates
device! In addition, they can serve as the substrate for theoward transient electronics, a zinc thimis patterned on
entire transient device to reside. Many early demonstréie galactomannaim to form functional components in this
tions>** relied on synthetic biodegradable polymers ostudy. Capable of temperature mapping and electrophysio-
materials with a natural origin. Because of tunable propertiésgical signal detection, the resulting device can enable
a wide range of synthetic biodegradable pofyriétsave potential diagnosing arrhythmogenic disease states of the
been developed, including pobrene® poly(vinyl alco-  heart Eigure &). As a proof-of-concept demonstration toward
hol),>* polycaprolactone, and poly(lactiglycolic acid), a  low-cost, fully biodegradable transient electronics, fostthe
copolymer of polylactic acid and polyglycolic‘akidwever, time, we have fabricated a high-performance zinc-based 4 by 4
to the best of our knowledge, no prior study has reported themperature sensor array and electrodes endowed on
use of galactomannan derived from the seelddsuofena galactomannan substrates for continuous monitoring of

B DOI:10.1021/acsami.8h11682
ACS Appl. Mater. Interfac¥XXX, XXX, XXEKXX


http://dx.doi.org/10.1021/acsami.8b11682

ACS Applied Materials & Interfaces

__100 100
S [ —

g 80] - 80
§ 601 - 60
E’ 40 1 L 40
(o] i L

= 20 20

0

400 500 600 700 800
Wavelength (nm)

RMS=0.86-1.77 nm

Ethanol

0nm

Figure 2.(a) Digital image of the galactomannlamwith high optical transparency. (b) Light transmittance of the galactonfraninaie
wavelength range of &8D0 nm. (c) Atomic force microscopy (AFM) image of the galactomamnaith a super smooth surface. (d)
Galactomannanm maintained its shape after immersing in ethanol for 24 h. (e) Partially dissolved galadtoroaltayased after immersing
in water for 5 min.
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Figure 3.(a) StresSstrain curve of the galactomanriemmeasured from a uniaxial tensile test, with an elastic modulus of 48.13 MPa calculated
from the linear range. (b) Thermogravimetric analysis (TGA) and derivative thermogravimet/() Gurres show the thermal stability

of the galactomannatm. The maximum degradation rate occurs at'@0Zc) Fourier transfer infrared (FTIR) spectra curve of the
galactomannan. (dJC nuclear magnetic resonance (NMR) curve of galactomannan.

temperature variation and electrophysiological signals, respec-RESULTS AND DISCUSSION

tively. This work paves the way to develop next—generatiqrh L. leucocephalaeed endosperm wast grounded to
sustainable, biodegradable, and economical substrates, wh ne mesh powders. Next, the endosperm powder was
are capable of superseding plastic to create greener electropjesiersed in the water under mechanical stirring. After 24 h,
Though the demonstrations as disposable environmenigle mixture was centrifuged at 10 000 rpm for 20 min, followed
sensors or cardiac monitors are not carried out in this studyy 3 su cient wash in ethanol. By using the freeze-dryer, the
the literature and our previous studies on device integrgalactomannan powder with a purity of 99.0% was obtained in
tion and CYtQtOXICIfVS ‘have indicated the possibility the resulting precipitate. The weight analysis of the seed
toward the envisioned applications @sgore &. Stable in  structure indicates that the endosperm contains 58.65% of
the organic solvent, the biodegradable galactomannan ajg@actomannan in weight. The ratio of M/G is ca. 1.3:1, and
promises solvent-based fabrication processes that may the average molecular weldptis 1.26x 10° Da. Dissolving
combined with recent advances in additive manufacturiri mg/mL of galactomannan in deionized water under
techniques for a novel manufacturing method. mechanical stirring, the dispersion was then degassed for 20
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Figure 4.(a) Fabrication process of a zinc sensor through a laser-cut shadow mask. (b) Temperature sensor on the galactomannan substrat
Calibration curve of the zinc temperature sensor where its resistance is shown as a function of temperature (symbol: experimental measurel
red line: tted calibration curve). (d) On-skin temperature measurement setup. The commercial therméstaxbeas the Zn sensor by the
Tegaderm medical dressing. (e) Real-time temperature measurement from the Zn temperature sensor.

min in a bath sonicator until no bubbles were observed. Slowdgtential applications in optoelectronic devices, such as to
pouring dierent volumes of the galactomannan suspensidncrease the power output of light-emitting diodes. As revealed
(10 mg/mL) into polystyrene petri dish and drying at anby a root mean square value between 0.86 and 1.77 nm from
ambient temperature resulted in galactomanimas of atomic force microscopy (AFMjigure ), the transparent
various thicknesses. The aqueous extraction method caubstrate possesses a super smooth surfaceiabérethe
prepare galactomannahlms with size in a wide range. device fabrication. When used as a dielectric material in
Taken together with the fact tHat leucocephak a fast-  transistors, the property may also provide enhanced device
growing mimosoid tree with abundant volume in nature, thperformance. Most importantly, the galactomantmas
galactomannanims are suitable for potential large-scaledisplay a completely drent stability in water and organic
production. solvents (e.g., ethanol). Although the is stable and

Galactomannan forms highly viscous colloidal aqueounsaintains its structural integrity in ethanol after Zgurge
solutions when hydrated in water, leading to easy fabricati@d), it completely disintegrates after immersing in water for
of the Im with an excellent optical transparency. The resultingnly 5 min Figure 2).

galactomannanms are optically transparefig(ire a), and The mechanical property of the galactomarimaplays an
the transmittance property has been further investigated bgsential role in the integration of sensing devices. To quantify
UVSVis spectrometer. The result, shownFigure b, the mechanical property of the galactomamhmarthe stress

indicates that thelm has a total optical transmittance of strain curve of thdm was measured fiigure &. From the
>85% in the wavelength range ofS800 nm. The high  stresSstrain curve, the tensile strength and elastic modulus of
transparency enables direct visualization of the tissues untter galactomannafm are obtained as 47.9 and 48.1 MPa,
the transparentlm integrated with sensing devices. Therespectively. The thermal stability of the galactomdnmian
excellent optical transmittance property could aldo  the air was also studied. The corresponding thermogravimetric
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Figure 5.(a) Temperature sensor array on a heater, with the location indicated by the red arrow. (b) Reference resistance of 16 temperat
sensors at the temperature 8€0The position of the temperature sensor in () is indicated by nuxribéss $4 indicates from left to right;

y-axis: $4 indicates from bottom to top). (c) Temperature cient of resistance (TCR) of 16 temperature sensors obtained from the
calibration curve. (d) Temperature mapping result before the heater was turned on. (e) Temperature mapping result after the heater was turne
for 5 min. The color map was depicted by OriginPro 8.5.

analysis (TGA) curveF{gure B) indicates that the initial Nuclear magnetic resonance (NMR) spectroscopy is an
weight loss appears from 80 to P80 because of the e ective characterization tool indispensable for the analysis of
evaporation of free and bound water. The thermal deconshemical structure. Galactomannan extracted frorh. the
position of the galactomannam happens from 300 to 400 leucocephalaeds was analyzed33/NMR spectroscopy. As
°C, and the weight loss is approximately 80%. The thermalplant-derived heterogeneous polysaccharide, galactomannan
decomposition rate of the galactomanirarwas calculated consists of a mannose backbone with galactose side groups. As
from the derivative TGA, indicating that the maximumobserved ifrigure 8, 3 C NMR analyses of polysaccharides
degradation rate occurs at 30Q2(Figure B). This thermal  have revealed spactarbohydrate signals that are character-
analysis provides critical insight for device fabrication, as tistic of the galactomannan with low molecular weights. It can
modest temperature for the galactomandan to be be seen that th&C NMR spectrum reveals well-resolved
thermally stable requires a relatively low-temperature marsignals in the anomeric region, corresponding to the C1 of an
facturing of sensing devices. -p-galactopyranose at 106 ppin. addition, the signal at 85

The chemical groups of the galactomannan measured wiihm is associated with C4 of an unbranchethannopyr-
FTIR spectraKigure 8) exhibit a principle absorption peak at anose at the O6 positiohMoreover, the 78 ppm region
3400 cmi' that corresponds to the stretching vibrations of thegives important information about the structure because of the
SOH group. ThiSOH group could enable us to program the specic strong signal at 73 ppm attributed to C2, C3, and C5
properties of galactomannan further. The weak peak at 296D -p-mannopyranose branched at the O6 position. The signal
cn! is attributed to theéSCH stretching vibration. The at 66 ppm is assigned to C6 of the main chain mannopyranose
representative spectrum shows a strong peak at T600 cnwith galactose branché#ttempts have been made to draw
corresponding to th8OH bending vibration. The represen- the possible molecular structural formula based on the FTIR
tative peaks at 815 and 87Gtane related with the anomeric and NMR results that show the majority of functional groups.
glycosidic linkages, which are ascribeebigalactopyranose However, the other functional groups as well as thecspeci
and -p-mannopyranose, respectivVelyThe strong absorp-  connection in between bonds (e.g., t8€ ®ond) are still
tion peaks of 1190 and 980 Sénrorresponded to the needed before the molecular structural formula can be inferred.
stretching vibrations of SO _in the glycosidic bonds. In Figure 4demonstrates the deposition of biodegradable
addition, the peak at 1150%nis assigned to the bending metals on a 50m thick galactomannalm to yield a passive
vibration of GO groups. temperature sensor. With increasing interest in applying tattoo-
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like sensors in internet-of-things devices for human health, tffegure €). The sharp changes (i.e. a decrease induced from
potential exponential proliferation could lead to adversthe cold air and increase an induced from the warm air) of the
environmental @cts. In this context, the completely captured signal indicate the fast response of the water-soluble,
biodegradable sensors can uniquely address such a challéggegradable sensors for real-time body temperature sensing.
by disintegrating in water with environmentally benign end Integrating a single sensor in an affayu(e @) can also
products to eliminate waste streams. The temperature sensageble noninvasive spatial mapping of skin temperature, as well
for precision thermometry of the skin can provide clinicallgs simultaneous quanétion of the thermal conductivity of
relevant information for many important aspects of the humahe underlying tissues. As rat step toward this goal, a
physiology. The fabrication process started with cutting temperature sensor array of 4 by 4 was created by the electron
single-sided adhesive Kaptdm on thermal release tape beam (e-beam) evaporation (Semicore evaporator) of Zn
(TRT) to form a shadow mask for water-dissolvable metahrough a patterned shadow masgure SJaThe resulting
deposition ffigure 4). The purpose of employing the TRT is temperature sensor array wasdble and capable of bending
to ensure aat surface when applying the shadow mask to thever a small radius (e.g., 1 cm) of curvature without damage
galactomannanm. In this proof-of-concept demonstration, (Figure S2% Scanning electron microscopy (SEM) images
we focused on water-soluble, biodegradable metals such(Mgva NanoSEM630, FEI) were taken to show the pattern of
zinc, which is important for its essential biological function armhe single temperature sensor. The surface of the deposited
biodegradabilii>>>® Zn Ims deposited by magnetron zinc by both e-beam evaporation and sputtering was also
sputtering (Kurt J Lesker CMS-18) formed patterned tracesharacterized by SEWigure S2c)d When taken together
in the temperature sensor. The adhesive on the Kaptamith a multiplexing scheme, the temperature sensor array could
shadow mask helped ensure good contact between the shatbewused for applications ranging from noninvasive spatial
mask and the water-soluble substrate, leading to improvetpping to revelation of the tBatynamic inuence of blood
pattern precision in the temperature sensor. Removal of thew and perfusion, as demonstrated in our previous work on
Kapton shadow mask left the temperature sensor on tlike ultrathin conformal temperature attayo demonstrate
galactomannan substrate(re ). the temperature mapping capability, a custom-built control
The resulting temperature sensor was connected to a digitaicuit (Figure SBwas used to accomplish the multiplexing
multimeter (DMM) (Hewlett-Packard, 34401A Multimeter) among temperature sensors in the array. The 4 by 4
in a probe station (Cascade Microtech 11000) for calibratiotemperature sensors were connected to the measuring unit
(Figure S) Placing the temperature sensor on the stage of thgeithley 2401 source meter) through anisotropic conductive
probe station allowed accurate control of the temperature byms (ACFs), a SOIC-32 to DIP-32 SMT adapter board, a 16
the Cascade thermal system (Aldb8sow Riveg60 to 200 channels relay (SainSmart), and an Arduino Mega 2560
°C). During calibration, the temperature was ramped up frommicrocontroller Kigure SB The microcontroller enabled
35 to 60°C with a step of 1C. At each step, the temperature customizable multiplexing of the sensors and manual control of
was held constant for 25 s to ensure thermal equilibrium. the relay, which facilitates the temperature mapping and the
metal shield that enclosed the stage minimized e¢be of calibration of each sensor in the array. The reference resistance
air ow for enhanced accuracy. Resistances of the sensormatl the TCR of each temperature sensor were obtained
di erent temperatures were measured and recorded by ttigough the same calibration procedure as aforementioned.
DMM. The resistance of a material scales linearly with thEhe reference resistance from each temperature sensor at the
temperature by following the equatioRefR {1 + (T S reference temperature of@ falls in the range from 3.81
T.d], WhereR is the measured resistance of the material at 4C° to 4.06x 10*  (Figure B), where the variation in
reference temperatdrg; and is the temperature coeient resistance is attributed to the edent lengths in the
of resistance (TCR). Linear regression between resRtancdnterconnect region of each sensor. The TCR of the
and temperatur results in a TCR of 1.48 10°3 and a  temperature sensors ranges fromx 2®3 to 1.53x 10°°
reference resistance of 3x4210° at the reference (Figure B). A simple patterned design of titanium with a
temperature of 0C, with a coecient of determinatioR? thickness of 100 nm from e-beam evaporation on a glass slide
of 0.998 Figure 4). The TCR in the thinlm Zn temperature  yields a heater used in the demonstration of the temperature
sensor is 38.4% of that in bulk zinc (i.e. 3:880°%).°" The mapping. The heater can raise up the temperature B¢ 21.6
decrease of the TCR in the thim can be explained by the (a digital thermometer, Digi-Sense) when a 1.5 V voltage is
Fuch§Sondheimer model, which indicates that reduction ofpplied. The heating unit was placed below the transient
the bulk metal material in one dimension is associated witemperature sensor array at the lower center of the array
increased surface scattering that is temperature independerindicated by the red arrowfiigure &. Temperature mapping
The increased contribution from surface scattering leads was performed beforeidure 8) and 5 min afterKigure &)
increased resistance, thereby decreasing the TCR. the heater was turned on, demonstrating the successful capture
To demonstrate the higlelity temperature sensing, both of the spatial mapping of the temperature.
the water-soluble, biodegradable Zn temperature sensor and @hrough the use of shadow mask deposition, patterned
commercial thermistor were placed on the skin of the subjeetectrodes can also be obtained through either sputtering or e-
with a Tegaderm medical dressing (3M) for temperaturbeam evaporation. As a proof-of-concept demonstration,
measurement(gure d). The subject was allowed to sit still electrodes for the measurement of ECG and electromyogram
during the temperature measurement. An air blower was th@8MG) signals in a rectangular (10 mm by 2 mm) geometry
used to blow at room temperature (cold air) at the location ofvere obtained through sputtering. In order to improve the
the sensors for 30 s. Then, the air blower was turfed3® contact quality and avoid theudence of the surface native
s before blowing warm air at the sensor location for another 83ide, small contact pads (4 mm by 8 mm) consisting a thin
s. The real-time monitoring of the temperature from thdayer of chromium (5 nm) and gold (50 nm) were evaporated
biodegradable temperature sensor demonstrates the utililyough Kapton shadow mask deposition on the galacto-
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Figure 6.(a) Photographs showing the sensor locations for the measurement of electromyogram (EMG, left) and electrocardiogram (ECG, rig
signals. (b) EMG signals collected from the Zn electrode and gel electrode. (c) ECG signals collected from the Zn electrode and the gel elect
Baseline drift is observed in the ECG signal collected from the Zn electrode ed wiragrof the ECG signal in the inset shows PQRST waves.

mannan Im prior to the deposition of the Zn electrode. A E = "E,,= 115.2GPaand h, = h;, = 100 nm
quarter of the Au contact pad overlapped with the sputter > = Ejatactomannan 64.17 MPah, = hyajaciomannair 50 M)

Zn elec_trode (thlckn_ess of 190 hm) to .p'roylde electric re the plane strain Yotsgnodulus and thickness of the zinc
connection. Such a simple testing setup minimize®te®  ojoctrode (galactomannam), respectively. The maximum
the Zn oxidation in an ambient environment on the contachending strain in the Zn electrode is therefore calculated as
impedance between the Zn electrode exible cables. The g 1994 “which helps explain the small resistance variation.
resulting electrodes were mechanically robust to deformatlonsA|th0ugh simple in the device design, the electrodes are
To demonstrate such an idea, a rectangular (10 mm by 2 mmjpaple of monitoring electrophysiological processes related to
Zn electrode with a thickness of _100 nm connected to two Aghe activity of the heart (electrocardiogram, ECG), muscle
contact pads (50 nm) was fabricated on the galactomannggsues (EMG), and the brain [electroencephalogram (EEG)].
Im through the Kapton shadow mask following the depositiophe EEG signal monitoring can be quite challenging, partially
method described earlier. The two contact pads of thBecause of poor signal-to-noise ratio (SNR) without proper
electrode were clamped on a custom-built stainless steg@jnal ampltation. Therefore, we focused on the monitoring
stretcher. The connection between the electrode and a DMbf ECG and EMG signals in this study. PowerLab (16/35,
was accomplished by silver epoxy paste (Silver Epoxy Adhegiénstruments) with BioAmp modules (Octal BioAmp,
8331, MG Chemicals) and qmp ribbons (Pyralux ADInstruments) served as the hardware for data acquisition
AC091200EV, DuPont). The resistance of the electrode onind analysis for both ECG and EMG signals. A copper/
changed by less than 2% when a compressive strain up to 3o%yimide laminatdm (Pyralux AC091200EV, DuPont) was
was applied to induce the bending of the electraglea¢ Sy cut into thin ribbons to connect the sensor with the data
The negligible change in the resistance is attributed to thequisition system. One end of the copper ribbons was bonded
small bending strain in the Zn electrode predicted by thto the gold contact pad via a small amount of silver epoxy
theoretical analysis. Upon compression, the Zn electrode paste, and the other end was connected to the BioAmp
the galactomannan substrate bends out-of-plane to takethgough microhooks. Commethi available silver/silver

sinusoidal shai A sin—> whereyis the out-of-plane chloride (Ag/AgCl) gel electrodes were also placed in the
B Lo1S ) v P vicinity of disposable sensors on the skin for direct comparison.

displacement of them from its initial positionx is the  gjightly dierent from the measurement setup that uses
coordinate along the initidn directionA is the maximum  commercial Ag/AgCI gel electrodes, the Zn electrodes were
displacement occurred at the midpoint offthelL, = 12mm  placed on the surface of the forearm with a Tegaderm medical
is the initial distance between two clamps, &nithe applied  dressing to ensure good adhesion and comfort.
compressive strain. Upon a compressive strain of 30%, th&€MG signals were collected with the Zn electrodes placed
maximum displacemeftis determined to be 2.5 mm. The along the direction of theexor muscle Higure @, left).
maximum bending strain in the Zn electrode is given,as Measurements were recorded with the subject clinching the
Y [maxd, Whered is the distance from the top surface of the Znhand every 7 s. Passing the output of the electrode to a digital
layer to the neutral mechanical plane of the Zn-galactomanna®0 Hz low-passlter followed by an analog-to-digital
double-layered compo$it@he distancd is calculated from  converter in the PowerLab system yielded data at a sampling
_ N i = 1 N 1 A rate of 1 kHz. A 60 Hz analog nottter was applied in the
d= i,k ri'( F1 hS 3 l)/ F 1—Eiﬁa whereN =2 is the BioAmp to lter out the power line noise. A 500 Hz low-pass
total number of layers in the composite, and lter was also chosen tter out high-frequency noise in the
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Figure 7.(a) Sequence of images shows the dissolution of the Zn electrode in water, where sensor rolled up at the beginning of the dissolu
process. (b) Sequence of images shows that the Zn electrode is stable in ethanol. Photo credit: H. Cheng, Penn State University and Northe:
University.

EMG signal. The EMG signal collected from the Zn electrodemnbiodegradable electrodes. It should be noted that the
was compared with those from the commercial gel electrodeaseline drift of ECG signals collected from both Cu and Zn
of the similar sizé-{gure 6). The excellent level of agreement electrodes is likely attributed to respiration or body move-
in EMG signals captured by the biodegradable zinc electrodesnt®®
and Ag/AgCI gel electrodes establishes the precision of EMGDissolution behavior of the disposable sensors (e.g.,
signal measurement. The SNR of captured EMG signal welectrodes or temperature sensors) was studied by placing
calculated by the SNR function in MATLAB using 2 s of signdhem in ethanol and distilled water for 24 h, respectively. It can
and 2 s of the noise. The SNR value of the signal collectég observed that the disposable sensors disintegrated and most
from the Zn electrodes is only slightly larger than that of thef the device components were dissolved in Wedere @)
commercial gel electrodes, indicating a Higlty sensing but remained stable in ethanBlglre B). Because of the
capability from the Zn electrodes. The measurement repeateatterned geometry, the temperature sensor dissolved slightly
15 days later still showed a relatively high SNR. A slighuicker than that of the electroée(re SB It should also be
decrease in SNR from 15450.76 to 11.2& 0.49 for EMG noted that the dissolution of the Zn electrode leads to visible
and from 25.76 1.15 to 23.0& 1.75 for ECG indicates the bubbles of hydrogen trapped between the Zn electrode and the
minimum eect of the surface oxidation on the measuremerfPetri dish when the Zn electrode was tapegie SP
(Figure Sp The contact impedance between the electrode
and the skin surface was also measured by an LCR meter, afterCONCLUSIONS
15 days of the sensor fabricatielyre Sp In summary, we rationally designed a simple extraction and
A three-lead setup enabled real-time recording of ECG USIB@ri cation method to obtain low-cost, energsient,
the Zn electrode on the water-soluble substrate. Thenvironmentally friendly, fully water-soluble galactomannan
measurement and reference electrodes were placed on thas. Building on the galactomannan substrate, we demon-
left and right front wrists=gure @, right), and the ground strated for the rst time that high-performance zinc-based
electrode was placed on the left ankle. A digital 55 Hz low-pagshsors could be used for high-precision temperature mapping
lter was applied to eliminate high-frequency Roisee 6 and high-delity electrophysiological signal monitoring. When
presents a direct comparison between the ECG signalsmbined with the device integréi‘i‘g‘l*f5 and cytotoxic-
collected from the Zn electrodes and commercial gely*™*° studies of this set of materials, the proof-of-concept
electrodes. The SNR value of the ECG signal was algemonstration presented in this study could easily be applied
calculated following the aétion of SNR = 20 loy/ V), as disposable environmental sensors or biomedical devices.
whereV; is the peak-to-peak value (between the R peak andi$e resulting fully water-soluble sensors that disappear without
peak) of the signal ang, is the peak-to-peak value of the a trace in water produce environmentally benign end products,
noise>’ In such a denition, the signal refers to the PQRST which can even be used for alkaline soil amendfiehis.
waves, and the noise refers to all the other portions of the dat@rk paves the way for the development of sustainable,
that are not PQRST waves. Because of the high SNR valuegbnomical, and disposable devices comprising biodegradable
the ECG signals collected from the Zn electrodes (slightlynd earth-abundant materials to promote greener electronics.
higher than that from the commercial gel electrode)The materials explored for water-soluble sensors in this study
characteristic features such as PQRST waves can bedlidentiare stable in organic solutions, which could further be explored
The EMG and ECG signals collected from nonbiodegradabie solvent-based fabrication. When taken together with novel
Cu electrodes are also compared to those from commercial galitive manufacturing capabilities, this set of materials could
electrodes Kigure S7a)b Given the comparison to the open up a new manufacturing method of biodegradable
common commercial gel electrode, the biodegradable #bectronics for a broad range of practical applications from
electrodes have demonstrated performance comparable to ti@medicine to green electronics for the environment.
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EXPERIMENTAL SECTION galactomannanim and board separately. L-shape 2.54 mm pitch

. . . . _.pin headers were soldered onto the SMT pad to ensure a good
B_Mati”alls' L. Ieuctgreghﬁeds \INere obtalr;/ed from Hebhel B%"’}’e' connection between the adaptor board and relay board through
iotechnology Co. - Ethanol (99.5 wt %) was purchased from, ;pont male-to-female breadboard jumper wires (DuPont). The 16
Fisher Scientt. All other chemicals were of analytical reagent gradg,4nel relay had its switches connected to the SOIC-32 to DIP-32

and were used directly without further jpation. _ SMT adaptor and its control panel pins connected to the Arduino
AFM Test. The galactomannamm was characterized using the \1eqa 2560 microcontroller. The USB interface of Arduino Mega

fast scan dimension atomic force microscope (Bruker, USA). A misago enabled the customized coding of the microcontroller by
substrate was used for the sample preparation, and AFM WasSskiop using the Arduino IDE programming software. A multi-

performed in the tapping mode of operation with a scan rate of 1.83exing rate of 2 Hz was employed for the temperature mapping.
Hz using silicon cantilevers (force constant 18 N/m, resonance

frequency 1400 kHz).
Mechanical Test. The mechanical properties of the were ASSOC.:IATED CQNTENT
investigated using an electronic universal testing machine (Shimad*zu,Supportlng Information
AG-Xplus). The 60m thickness of the galactomanrianwas cut ~ The Supporting Information is available free of charge on the

to a 0.5¢< 6 cm rectangle, and the stretch rate was set at 1.0 mm/mil\CS Publications websiteDOI: 10.1021/acsami.8h11682
The Younig modulus was calculated according to the stress versus

strain curve in the linear range. Experimental setup for the calibration of the temper-
UVSVis Spectrum. Light transmittance spectra of the galacto- ature sensor, optical and SEM images of a temperature
mannan Ims were measured from 400 to 800 nm with a TFProbe sensor array, schematic diagram of the multiplexing
spectroscopic rectometer (Agilent 8453, USA). circuit for the temperature sensor array, resistance
FTIR TestThe galactomannan powder was completely mixed with measurement of water-soluble electrodes upon bending,
KBr and crushed into a super powder using a mortar and a pestle. contact impedance of water-soluble electrodes, EMG

The mixture was then pressed into a KBr pellet and then movedintoa  gnd ECG signals collected from water-soluble electrodes
desiccator for 24 h at a temperature of°@0The FTIR spectra and co ; ;

< . pper electrodes, and dissolution test of the
recorded ranged from 4000 to 40C°con an FTIR instrument temperature sensor and electroBl&s

(Nicolet, USA).

TGA Test.The degradation property of galactomanhmanwvas
measured by the Netzsch STA 409 PC (TGA instrument, Germany). AUTHOR INFORMATION
The sample was heated in air at a rate diCl@in. The test Corresponding Authors
temperature was set at a range $8@0°C. . _p. 9

NMR Test.The C NMR spectra were recorded from 10 mg of * E-mail:h.zhu@neu.edt.Z.).
puri ed galactomannan in 1 mL ofDon a Bruker AVANCE 600 “Email:huanyu.cheng@psu.€HuC.).
MHz spectrometer equipped with a 5 mm broadband observe prolggRCID
using an inverse-gated proton-c_iecoqpli_ng sequence. Then, t|t1 i Yangoo00-0001-9600-7589
solution was transferred to the Shigemi microtube and characteri i Zh
at 25°C. The detailed acquisition parameters were a 90 pulse width ngli UD000-0003-1733-4333
relaxation delay of 1.7 s, and an acquisition time of 1.2 s. A total of Fuanyu Chengpoo-0001-6075-4208
000 scans were collected. The 2D data set was processed with 18088hor Contributions

and 91.000. data points using a Qsine function in both.dimensions. N.Y. and Z.C. contributed equally. The manuscript was
Fabrication Process of Biodegradable Electronics on  \yitten through contributions from all authors. All authors

Galactomannan Films.Cutting a piece of Kapton tape (polyimide . . .
Im tape 5413 Amber, 3M) with single-sided adhesive and athickn&%ve given approval to theal version of the manuscript.

of 75 m by a CQ laser (Universal Laser System, M360) formed aFunding

shadow mask for Zn deposition. The Kaptom on a TRT This work is supported by the start-up grant and Tier 1 fund to

(Semiconductor Corp) waged on top of an alumina plate by using H.z. from the Northeastern University and the start-up fund

a Magic tape (3M). Attention was given to minimize air bubbles Wh”ﬁrovided to H.C. by the Engineering Science and Mechanics

laminating the Kaptorim on the TRT for enhanced laser cutting Eepartment, College of Engineering, and Materials Research
|

quality. The laser cutting conditions were 7% power and 5% speed iq .- - : ;
achieve a high-quality shadow mask. Careful removal of the exces %gtute at The Pennsylvania State University. H.C. also

region in the Kaptonim by tweezers was followed by cleaning the8C nowl_edges the supp(_)rt_ from ASME Haythornth\{valte
Kapton shadow mask on the TRT in an ultrasonic water batfoundation Research Initiation Grant and Dorothy Quiggle
(Branson Ultrasonic, Branson 200) for 1 min. After waterfCareer Development Professorship in Engineering and Global
evaporation, leaving the sample on a hot plate (Scilogex, MS-H2&1gineering Leadership Program at Penn State.

pro) at 90 °C released the Kapton shadow mask on theyogtes

galactomannanms. Zn Ims deposited by magnetron sputtering : ol

(Kurt J Lesker CMS-18) formed patterned traces. The depositio-lghe authors declare no competingncial interest.
conditions were 200 W, 5 for 2000 s. These conditions minimize
delamination and maintain high quality, unifdrms with good ACKNOWLEDGMENTS

yield. The adhesive on the Kapton shadow mask also helped enshr. and H.C. would like to thank Jia Zhu, Tiangi Wang, and
good contact between the shadow mask and the water-solubtgdi Wang for their help with the human subject research. The
substrate. Removal of the Kapton shadow mask left the sensor on fggp from Mark Pauley on SEM imaging and from Prof. Andy

water-soluble substrate. . _ Zhou at the Indiana University of Pennsylvania on the e-beam
Experiments on Human Subjects.All experiments on human evaporation of Zn is also acknowledged

skin were conducted under the approval from the Institutional Review
Board of The Pennsylvania State University (protocol number
STUDY00008003), and volunteer subjects gave informed consent. REFERENCES
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