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Thermoelectricity in natural and synthetic hydrogels
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We describe a technique for measuring a Seebeck effect in gels and present data for three systems. Notably
distinct signals are obtained for gel originating in the electrosensitive organs of marine sharks, synthetic
collagen-based gel, and as a control, seawater, the gels’ solvent. Only the gel of sharks shows a reversible
thermoelectric signal. The difference between gel samples and seawater simply confirms that gels suppress
mass transport. The difference between synthetic gel and the gel of sharks shows that the charged polymers of
the shark gel restrict mass transport much more successfully than the polymers of the collagen gel, and we
submit that this sort of ion localization is key to the emergence of thermoelectricity in a gelatinous substance.
We compare the properties of the natural gel to those of established thermoelectrics.
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INTRODUCTION these organs to detect the weak electric fields given off by
o ) ) . _ . more macroscopic prefl1]. The electrosensitive organs, the
Gel characteristics combine certain qualities of liquidsampyllae of Lorenzini, are small innervated bulbs linked to
and solids. Polymer hydrogels, in particular, are known tohe creature’s surface by canals. Both the ampullae and the
contain up to 99% water solveit], suggesting liquidlike  canals are filled with a clear, homogeneous hydrogel.
physical properties. However, the polymer matrix gives rise The gel consists of 97% water by weight, with dissolved
to unique structural properties, with volumes that exhibit tun-g5its at concentrations matching seawdlel]. The precise
able §en_S|t|V|ty to various env_lronmental factors3 includinggirycture of the gel glycoproteins is still unknown, but they
electric fields[2]. Such properties have resulted in both angre pydrophilic and heavily sulfated, suggesting an effective
ever-expanding array of applications for polymer hydrogels,egative charggl3). Electrophoresis has shown that the gly-
and an increased appreciation for their role in living SystemMgoproteins range in size from 20 to 200 kilodaltgad]. The
[3.4]. bulk hydrogel has shown room-temperature conductivity and

While significant thermoelectric effects have been docuyemperature-dependent conductivity that correspond to a
mented in amorphous materigls] and organic solid$6],  semjconductorf14]. This led naturally to the question of

such effects are not typically associated with gels. In particuhermoelectricity, as semiconductors exhibit significant See-
lar, the Seebeck effect phenomenologically exhibits a voltaggeck coefficients. In addition to the proposal that this bio-
gradient in response to an applied temperature gradieffgical hydrogel possesses a non-negligible thermopower

within a material. ], we also note that a thermoelectric mechanism for cool-

We recently reported an apparent thermoelectric mode Gf,g was recently proposed in the chitin-based cuticle of an
sensory transduction in the electrosensitive organs of Sharkﬁisect[la.

the hypothesis depends on a thermoelectric signal in an ex-
tracellular hydrogel filling the electrosensitive org@n).
Here we describe a gel thermopower measurement, rule out EXPERIMENT

systematic effects, and investigate the physical phenomenon Samples of the natural hydrogel are collected from shark

geiﬁjgome;igigtryr:; d?;g;;gigiﬁeg‘é%mf?;; ZEiasrkigdﬁggrsospecimens)ost mortemThe collection, handling, and stor-
. . ) ! age of the gel have been described elsew The gel
gels synthesized in house, and, for comparison, “blank cells@g ¢ libde 9

f liquid | q . . h le of i has proven robust in the face of thermal and electrical cy-
of liqui s_eawater. In order todlnvestl%ffllte tde rloe (o] 'Oncling in previous experiments.
concentration, we also present data at diluted salt concentra- o yachnique to explore gel thermoelectricity uses a typi-
tions for the liquid seawater and synthesized gel samples.

) cal open-circuit configuration employed for solids. However,
The electrosensors in sharks, skates, and(tagselasmo- P g oy

b h h ¢ isit t aloctric field while accurate thermoelectric measurements are difficult for
ranc $ are né most exquisite sensors of electric hie Ssolids[16], measurements for a gel include additional com-
known in nature[8], and they are simultaneously the most

. . ; lications. The experimental configuration is shown in Fig.
exquisite sensors of thermal fluctuatiof®§. Distant fresh- p P ¢ d

) ; . o 1. Work in a vacuum is impossible, so we enclose samples in
water relatives like the paddlefish utilize these organs for P P

d . lank 0 d ) harks utili quartz. Hence, while experiments with solids can measure
etecting zooplankton prepl0], and marine sharks utilize o herature and electric potential simultaneously at one po-

sition on a sample, our thermometers are slightly removed
from the sample; this contributes significantly to reported
*Electronic address: brownb@usfca.edu uncertainties.
TPresent address: Division of Engineering and Applied Sciences, A 1 ml quartz cuvet is carefully filled with gel using a 1
Harvard University, 29 Oxford St., Cambridge, MA 02138, USA. ml syringe and an 18-gauge needle to minimize air bubbles
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FIG. 1. Sample chamber. A gel sample is shown in gray. Two platinum thermometers are attached via thermal grease to the thin sides of
the cuvet, and two braided metallic lea@issulated but for their tipsrun into the cuvet to sit adjacent to the thermometer positions XThe
axis is horizontal.

in the sample. The open cuvet is then sealed with silicorgel comparator samples were synthesized with seawater as a
putty. Two voltage leads are made of braided platinum wiresolvent, and seawater solutions were used for “blank cell”
and placed 2.5 cm apart within the gel. Voltage is monitoredneasurements. Both the synthetic hydrogel and seawater
with a Keithley 2182 nanovoltmeter. The samples exhibit asamples possess ion concentrations, dc conductivities, and
resting voltage due primarily to large and asymmetric contacactivation energies nearly identical to those of the shark gel.
resistances at the metal-gel interfaces. These offsets are spictivation energies were obtained by measuring dc conduc-
cific to a given pair of platinum leads and vary with the ion tivity over a range of temperatures, as previously described
content(and thereby the resistanocef the samples. Most of [14]. To assess the import of dissolved salts in these systems,
the data presented here were collected with one set of lead#&juid and synthetic gel samples were also prepared using
for which the trial-to-trial voltage offsets were between —8 seawater diluted with deionized water. While the conductivi-
and +1 mV for each loading of shark gel, between —20 and Qies decreased as salts were removed, the activation energies
mV for synthetic and seawater samples, and between —120 ttid not change appreciably, suggesting that all samples in
-40 mV for comparator samples of reduced ion contentthis work shared the same transport mechanism.
Variation of the offset between sample loadings is attributed Before presenting results, we must address legitimate con-
to variations in the residual air pockets that remain againsterns of signal artifacts. The voltage measurements here in-
the braided leads. These offsets were fairly steady hours afteolve nontrivial metal-gel or metal-solution interfaces; in
loading a sample, but tiny nonzero drifts were usuallyelectrochemistry, the interface gives rise to the so-called
present. Data were collected only when such a drift was bothdouble layer” of differentiated ion and solvent concentra-
negligible in magnitude and also measurably constant beforgons [17], while in condensed matter physics, the interface
heating. can be considered a Schottky barrier. Metal-solution inter-
Two platinum thermometers are mounted on a thin-walledaces are known to have inherent potentials, and these poten-
side of the quartz cuvet, each one adjacent to one of thgals can vary with temperature to the extent of hundreds of
voltage contacts. The long ends of the cuvet are then encasetcrovolts per degree kelvifi8,19. In short, one may argue
in quartz blocks of at least 1.0 cm thickngsxtending iny  that the measured signals reside predominantly at the
andz in Fig. 1), with thermal grease connecting the cuvet toplatinum-sample interfaces, giving very little information
the quartz and filling the empty regions near the Pt thermomabout the bulk sample between the platinum leads.
eters. Heater wire is shaped into a thin two-dimensional heat- Despite such misgivings, a number of experimental as-
ing plate, 3cmxk 1cm, to promote parallel, planar thermal pects indicate that the gel signal is significant and largely
fronts throughout the sample chamber. This plate was alteindependent of interface electrochemistry. First, the tech-
nately mounted at either of the small ends of the quartz cuvatique is non-faradaic, and the leads have never had voltages
to establish thermal gradients in alternate directions. Thapplied to them. Even in strong electrolyte solutions, docu-
heater and thermometers are monitored by a Lakeshore 33fented interactions for an active platinum interface require
digital temperature controller, with roughly 0.27 W of power at least 400 mV to drive therfl8]. Second, data employing
promoting temperature gradients between —-0.2 and +0.2 Kilver leads, as shown in previous work, gave approximately
between the voltage leads. Each sample was reloaded atite same results for the shark gel as platinum l¢dfsStan-
voltage leads were replaced three times. Heat is applied for dard electrochemical cell potentials for solutions are strongly
variable time(20-180 $ and the resulting temperature and metal-specifid19]. Third, while seawater and the shark gel
voltage gradients are monitored. have nearly identical ion concentrations and water contents,
To further investigate the technique, the signal, and theheir signals show opposite signs &%/AT during heating.
notion of hydrogel thermoelectricity, collagen-based hydro-Finally, the inclusion of bubbles between leads in the gel
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] K). These characteristics lead us to refer to the effect as a
(A) ; thermopower.
From theAV/AT obtained during heating, a Seebeck co-

ol ]
:‘\ q efficient S is derived. For an open circuit measurement be-
b ] tween two leads at pointd and B,

AV (mV)
/

7,

/

Ta Ta
I AV= Sead&T)dT_J‘ Ssample(T)dTa (1)
-0.04 i Ts Tg

where the metallic leads have establisiSaealues[20]. As-
suming thatS values are roughly constant with temperature
] for gradients under 1 K, we simplify to a typical open-circuit
-0.08 ] thermopower expression:

SsampleE Seads_ (AV/AT) ) (2)

0 0.05 0.1 0.15 0.2 0.25 whereS,=-5.3 uV/K, for instance[20]. Using Pt leads, as
AT (K) we did for the data ir_1 Fig. 2, we _ find Sy¢
=+290+70uV/K for the white shark gel, while for Ag
leads, we found 240+5V/K [7]. The positiveS values of
the gel fit with the notion of proton transfer as a transport
] mechanism, and the values are comparable to undoped semi-
102 conductorq 20].
] Data for comparator samples are strikingly different from
those of the shark gel. Data for a liquid seawater sample
appear in Fig. @). The traces show both an effect opposite
to that observed in shark gel and also a repeatable hysteresis;
the extent of the hysteresis is roughly proportional to the
range ofAT. The lack of correlation betweehV andAT is
demonstrated by the way they evolve in tirfleig. 3b)].
Note that we do not expect the thermometers to reflect the
] exact temperature of the leads for a fluid sample due to con-
1 0.2 vection. However, as thaV and AT peaks are separated by
more than two minutefFig. 3b)], we believe the hysteresis
1.5 to be a real effect, separate from a thermometer-lead offset.
40 70 100 400 700 Fluid samples were also prepared with diluted salt content
time (sec) by mixing seawater with deionized water. The data in Fig.
3(c) compare pure seawater to a sample diluted to 2.5% sea-
FIG. 2. Typical data trace collected from the ampullary gel of water. The more dilute sample exhibits the hysteresis to a
Carcharodon carcharias(a) Potential gradient versus thermal gra- lesser extent.
dient with data points plotted at two-second intervals. Trace begins We quantify the relaxation feature, or the return, simply
at origin and follows effects of heatingarge arrow and cooling by defining a phenomenological measuR= (AVijax
(small arrow. (b) Both gradients monitored versus time in a semi- — A\/,)/ AT, ., whereAV, is the original voltage offset before
Idog forrz_?t, Wiéh the gr_ayl r;g/ion d_er(ljc_ntingdh(ka)atir;]g. Filled ci_rrci]les heating. For a given sample, this is roughly constant to
enote , and open circle , as indicate y the arrows. e i 0,
original voltage offset of 0.33 mV, due to contact asymmetry, haslvégzlr:hi?]/%fgg avvéngrd\gﬁll]U?iig rzarféatzspa;))‘igfe«sﬂ[))roﬁge
Egztr;nzuEggcgig‘nig?nzfecdvonage drift of 70 nilsserved before 4 \e pelieve that this is due to the thermometers finding a
' temperature offset within the quartz that is not manifest for
any appreciable time within the liquid sample
marily at the interfaces, alterations of sample far from thegata combine features of those from shark gel and seawater,

0.3

0.04 | 1 01

AV (mV)
M) Lv

-0.1

leads should have a relatively minor effect. showing the same sign of a thermoelectric signal as the shark
gel during heating followed by a hysteretic return. Once
RESULTS again, at redu_ced ion concentrations, the magnitude of the
return feature is suppressed.
Data for the gel ofCarcharodon carchariasa white A summary of the results appears in Table |. Seebeck

shark, are shown in Fig.(&. The relative duration of the coefficients are reported for samples where the slope of
heating and cooling cycles is shown in FigbR The entire  AV/AT during heating was independent AT, and the un-
process appears reversible. The slopAWf AT is indepen-  certainties are standard deviations after multi@e10 tri-
dent of both heating rate and totall range(from 0.05-0.5 als. We present values for the synthetic gel with some
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rfTd TS ) FIG. 4. (a) Potential versus thermal gradients for both synthe-
0.2 ¢ * 7 P74 sized collagen gel with ion content of seawdgwlid trace and for
‘/";‘ a diluted gel containing 2.5% seawatelotted tracg As with the
_______//__ I P fluid data, each trace runs counter-clockwig®. Data for nondi-
of mm== T luted gel shown versus time on a semilog plot, with gray region
) X ) ) denoting heating. Filled circles denatd’, and open circledV, as
0 0.1 0.2 0.3 indicated by the arrows. Original voltage offsétirca —20 mV for
AT (K) full ion concentrations and -100 mV for diluted samplegere
removed.

FIG. 3. Data for blank cells of seawater solutio(e. Potential
versus thermal gradients for seawater during two separate heatilg jemonstrate two points: the return is much larger in liquid
cycles(each data run follows counter-clockwise developmeih samples than in the synthetic gel samples; and the return

Outer data set fronta) shown versus time on a semilog plot with magnitude decreases when the ion content of a sample is
gray region denoting heating. Filled circles dend€, and open decreased

circles AV, as indicated by the arrowgc) Data for pure seawater
compared to a solution of 2.5% seawater in deionized wdsshed

trace. Original voltage offsetgcirca —20 mV for full ion concen- DISCUSSION
trations and -100 mV for diluted sampjesere removed, and dc

drifts of about 0.1uV/s were removed. Despite sharing nearly equivalent ion concentrations,

electrical conductivities, and activation energies, the white
hesitation; the effect is not at all reversible, as it is in theshark gel, the undiluted synthetic collagen hydrogel, and un-
shark gels, but for the sake of argument, the collagen geldiluted seawater samples give distinct signals in our experi-
display a repeatable, linear thermoelectric signal during heaments. Only the white shark gel exhibits a reversible, linear
ing. The magnitude of the hysteretic retuRy,is given only  signal that we are comfortable describing as a thermopower.
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TABLE I. Summary of results. Four-terminal conductivity measurement technique and derivation of
activation energy described elsewh§td]. R described in text.

Sample oat298 K(S/Im)  Ea (kdJ/mo) S (uV/K) R (uV/K)
White shark gel 3.15+0.1 16.2+0.5 +290+70 NA
Collagen gel, 100% seawater solvent 4.80+0.1 16.2+0.3 +270+60 540
Collagen gel, 10% seawater solvent 0.72+0.04 16.3+0.4 +220+80 330
Collagen gel, 2.5% seawater solvent 0.26+0.02 16.0+£0.4 +200+70 270
Seawater solution, full concentration 5.20+0.2 3000
Seawater solution, 2.5% concentration 0.30+0.05 1400

While we describe fluid seawater as a blank cell for thesextent of predicting voltage signals, one would need to move
experiments, the term is misleading in that the thermal anghbast the simple form of Eq.3) to determiney; gradients,
electrical physics of a salt-filled liquid are arguably moresince seawater is not especially dilute and since many spe-
sophisticated than that in a well-ordered hydrogel. Massies are present. In addition, the absolute mobilities available
transport within the sample space provides a sensible expld? the literature are collected from single ion, dilute solu-
nation for the observed hysteresfg. 3). Only small shifts ~ tions, environments obviously unlike seawater. In sum, we
in local ionic density would be needed to give sub-mV volt- fully €xpect a net ion migration current and a corresponding
age perturbations. We believe such shifts occur primarily0ltage signal between the leads. Removing the thermal gra-
through ion migration. Though convection may be present, ifj'ei’”t wouldd_then Ielavel thel lonic gdr%d|e_(andTL1_enc_e the
presumably transports the bulk liquid as a neutral whole thaf©/t2g€ gradientto slowly relax via diffusion. This picture
would not give a net voltage signal. qualitatively matches the blank cell data of Fig. 3.

. . o L The fact that our phenomenologicR depends on ion
Ignoring convective effects, the seawater's ion rnlgra'['Onconcentration supports the ion migration picture. While de-

and subsequent asymmetries of ionic density can be unde feasing ion content by factors of 10 and 25 in Eg.would

StO.Od in the f.oIIo_wmg manner. For constant pressure an uggest a more substantial signal reduction than that shown
uniform electric fields, the temperature dependence of thg, Tapje | we note that reduced concentrations actually in-
chemical potential for a given ionic specigs, may ideally  rease the chemical potential gradients and thereby the net
be written as migration forces. In additionR is much smaller in the syn-
3) thetic gels than in solution@vith a respective ratio of about

1 to 5.5, indicating reduced ion mobilities within the or-
where u;, is the chemical potential of the pure ionic speciesdered water of a hydrogel, as expec{ddl Finally, a com-
andx; is its mole fraction[21]. Equation(3) is only accurate parison of the time scales for seawater and synthetic gel also
for very dilute solutions, and it does not account for thesuggests ion migratiofsee Figs. @) and 4b)]; as mobili-
presence of multiple species. As< 1 for all speciesy; will ~ ties are lower in a hydrogel than in a pure fluid, the time
decrease with increasing temperature. Migration follows, agange is increased. In seawater, th¥ peak trails theAT
ions move toward loweg; values. Different species encoun- peak by 144 s, while in the synthetic hydrogel, the lag time is
ter different magnitude gradients based on theivalues, 543 s. These two data sets have nearly identical heating
with more dilute species facing greatap;. Furthermore, times, and the samples have nearly identical ion concentra-
absolute ionic mobilities;; vary significantly from ion to ion tions.

Mi = fig + RTIN(X),

in water, so different ions will respond to their gradients The return feature has not been observed for the shark
to different extents, and we expect a net, nonzero ion migragels. This suggests that the shark gel orders its solvent and
tion flux densityJ: localizes its dissolved salts to a greater extent than the col-
lagen gels. The effectively negative polymer gel of cellular
== Cu(%) 4) cytoplasm has shown a strong preference for localizing posi-
~ N s )’ tive ions [4], and the shark gel arguably will do the same,

since it is heavily sulfated. Once mass migration and convec-
wherec; denotes ion concentratios,is the spatial extent of tion are suppressed, the sample is presumably “solid enough”
our cell, andJ is given in units of moles/As [21]. This can  for something like conventional thermoelectricity in a solid
be converted to an effective electrical current density via theo be manifest.
electric charge of each species. Mobilities and mole fractions At a basic level, the Seebeck effect arises from a free
for the components of seawater are availafareorder of  energy asymmetry for charge carriers between relatively
abundance, the most significant  species  argvarm and cool regiong0], and such a condition is plausible
CI~, Na*, Mg?*, SO?", C&*, and K") [17]. Our zeroth or- in a gel if convection and migration are absent. The tempera-
der calculations, using ideal parameters for the six mosture dependence of the hydrogel, as previously measured
abundant ions, give a negative current, but we find the calf14], matches the Arhennius behavior of a semiconductor.
culation to be extremely sensitive to mole fraction and mo-Charge carriers in such a sample are thermally activated, so
bility values. To accurately model the seawater sample to théhe free energy landscapes for carriers within both semicon-
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ductors and the shark hydrogel are extremely sensitive ttemperatur&ZT value of 0.08, it has a relatively high room-
thermal gradients. That sensitivity leads naturally to the postemperatureS value of 80uV/K [22]. In comparison, the
sibility of significant thermoelectric effects. That being said, hydrogel estimates foZ T are lower, but theilS values are
the detailed, lattice-based models for solids are presumablyubstantially higher.
inappropriate[16], and further theoretical work will be re- In sum, the data presented above confirm the existence of
quired for gels. a thermoelectric effect in the hydrogel collected from the
The thermoelectric effect found in an insect’s cuticle ma-electrosensors of sharks, and they suggest that ion localiza-
terial recommends a comparison of the shark polymer to th&on within a hydrogel is crucial to the thermoelectric signa-
chitin polymer; thoughS has not been directly measured in ture. Previously, we suggested that the electrosensor’s ob-
that system, it is inferred to be roughly 2 mV[K5]. Chitin,  served sensitivity to temperature acceleration reflected an
one of the most abundant polysaccharides in nature, contai@stual sensitivity to temperature gradiefitd In closing, we
glucosamine, as does the organic material in the shark gelote the experiments of Akoest al, who monitored the
[13]. However, the acetyl groups of chitin render it more effect of several stimuli on the firing rates of nerves leading
electrically neutral than what one would presume for thefrom the electrosensors of anesthetized sk§2& In one
sulfate-rich polymers in sharks. A much greater understandease, they applied a pointlike heat source to different posi-
ing of the shark gel polymers is needed to move beyondions along the gel-filled canal attached to the skate’s elec-
speculation. trosensor. Heat applied to the midpoint of the cadaten-
Phenomenologically, if gelatinous materials truly sustaintimeters away from the sensing cglisreated theopposite
thermoelectric effects, they should be intriguing candidatesransient effect on nerve firing rates as heat applied directly
for thermoelectric cooling or other applications. To compareto the sensing cells, even though both experiments raised the
the natural hydrogel to accepted thermoelectrics, we estimatverall temperature of the electrosensor. Considering the gel-
the dimensionless figure of meriT, filled canal, those experiments obviously generated tempera-
ture gradients of opposing directions, and according to our
, (5) data, electric field gradients of opposing directions. It is in no
way clear how other mechanisms of temperature sensation
could begin to address those ddf¥]. Akoev et al. also
found that each electrosensitive organ’s sensitivity to tem-

a generic value for tissue and usiocandS values reported perature fluctuations was directly proportional to that organ’s
g i * b electrical sensitivity[23]. Something within the organ inti-

here, the shark gel shovST~0.0003 at room temperature. mately connects electrical and thermal fluctuations, and the

A ZT approaching or above 1.0 is desirable for thermoelec- . .

. S : data presented here point to thermoelectricity as the most
tric applications. However, the effect of altering salt content P .
) : . . . ‘convincing(if not the only candidate.
in a hydrogel can obviously enhance its electrical conductiv-

SLoT
A

ZT=

where o and A are electrical and thermal conductivity re-
spectively[16]. Assuming ax of 0.6 W/mK, in keeping with
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