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!

Water!is!the!most!abundant!substance!on!planet!Earth!and!present!in!large!part!of!our!

daily!lives.!Despite!such!abundance,!liquid!water!still!remains!mysterious!for!we!do!not!

understand!its!structure.!Similarly,!biological!systems!are!largely!composed!of!water!and!

life!is!believed!to!have!originated!from!water.!However,!the!properties!and!functional!

role!of!biological!water!still!remains!an!enigma.!Thus,!more!wholesome!understanding!

of!biological!water!is!needed!to!gain!further!purchase!on!workings!of!biological!systems.!

!

The!first!part!of!this!work!was!aimed!at!better!understanding!the!properties!of!biological!

water.!In!biological!systems,!most!of!water!is!‘interfacial’.!Therefore,!interfacial!water!

near!hydrophilic!surface!was!characterized!to!model!biological!water.!The!results!show!
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that!hydrophilic!surfaces,!including!broad!biological!surfaces,!can!alter!properties!of!!

nearby!water!extensively.!These!included!increased!viscosity,!decreased!kinetic!energy,!

faster!NMR!spicXlattice!(T1)!relaxation!and!lower!selfXdiffusion!coefficient!of!water.!The!

findings!collectively!indicate!more!ordered!state!of!water!near!surfaces.!!!!!

!!

In!the!second!part!of!this!work,!water!inside!living!muscle!cells!and!intact!myofibril!was!

studied!using!molecular!spectroscopy!techniques.!Both!studies!show!that!intracellular!

water!within!muscle!has!significantly!stronger!hydrogen!bonding!and!hindered!dynamics.!

In!addition,!changes!in!water!properties!have!been!correlated!with!muscle!contraction!

and!differentiation.!Hence,!water!takes!an!active!role!at!broad!range!of!biological!

processes!of!varying!timeXscales.!
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Chapter(1.(Introduction(

(

1.01 Water:(an(overview(

!

Water!is!the!most!familiar!substance!known!to!mankind!as!we!are!born!out!of!it!and!live!

immersed!in!it!throughout!our!lives.!Whether!it!is!through!raindrops!on!a!fall!day!or!

sipping!on!a!glass!of!water,!water!makes!our!living!experiences!possible.!The!oceans!

cover!75!%!of!Earth’s!surface!and!make!up!most!of!water!supply!on!Earth!(figure!1),!and!

much!smaller!fraction!is!fresh!water!in!form!of!polar!ice!caps,!groundwater,!lakes!and!

rivers,!etc.!More!recently,!a!water!reservoir!three!times!the!volume!of!ocean!water!has!

been!found!700!kilometers!beneath!earth’s!surface,!trapped!inside!ringwoodite!in!the!

mantle.!1!Hence,!with!little!doubt,!our!beautiful!planet!Earth!can!be!considered!a!sphere!

of!water.!!

!

Perhaps!due!to!such!abundance!and!familiarity,!it!is!presumed!by!most!people!water!is!a!

simple!liquid!and!its!properties!are!well!understood.!This!sentiment!cannot!possibly!be!

further!away!from!the!truth,!when!one!considers!simple!observation!of!ice!floating!on!

water.!Water!has!over!hundred!known!anomalies;!it!behaves!differently!from!any!other!

simple!liquids.!
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!

Figure(1.1!Photograph!of!earth!taken!by!NASA’s!Moderate!Resolution!Imaging!

Spectroradiometer!(MODIS)!from!700!km!above!the!Earth.!Most!of!Earth’s!surface!is!

covered!with!Water.!

!

1.02((((((The(Water(Molecule(
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Individually,!the!water!molecule!is!well!known!as!H2O.!As!shown!in!figure!1.2,!it!is!

composed!of!electronegative!oxygen!covalently!bonded!to!two!electropositive!hydrogen!

atoms!with!bonding!energy!of!458.9!kJ/mol.!

!!

Figure(1.2!Water!Molecule!is!made!up!of!two!hydrogen!and!one!oxygen,!H2O.!The!two!

OH!covalent!Bonds!have!bond!length!of!0.9584!Å!and!make!an!angle!of!!104.45°.!

!

1.03 Structure(of(Liquid(Water(

!

Of!the!known!phases!of!water,!liquid!water!presents!most!challenges!due!to!extensive!

intramolecular!bonding!between!the!water!molecules,!otherwise!known!as!hydrogen!

bonding.!Such!character!of!liquid!water!has!resulted!in!many!dozens!of!anomalies!in!

water,!whose!explanations!still!remain!amiss.!Of!these,!well!known!anamolies!include!

density!maximum!at!4!°C,!unusually!high!specific!heat!and!viscosity!among!many!others.!!

!
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On!the!classical!theoretical!front,!there!are!broadly!two!models!to!describe!liquid!water:!

‘Mixture’!and!‘Continuum’!models.!Mixture!model!treats!liquid!water!as!an!equilibrium!

mixture!of!water!molecules!having!varying!number!of!hydrogen!bonds!per!molecule!2,3.!

In!the!‘mixture’!model!each!water!molecule!can!have!up!to!four!hydrogen!bonds!making!

up!a!tetrahedral!structure!found!in!ice.!Therefore,!the!fully!coordinated!water!molecule!

is!also!known!as!‘ice`like’!water.!Water!molecules!with!three!or!few!hydrogen!bonds!are!

referred!to!as!partially!hydrogen`bonded!water!and!those!with!zero!hydrogen!bonds!are!

known!as!free!OH.!The!continuum!model!treats!water!as!a!fully!hydrogen!bonded!

network!with!varying!hydrogen!bonding!energies!and!geometries!4,5.!In!this!model,!ice!is!

said!to!have!stronger!average!hydrogen!bonding!energy!compared!to!that!of!liquid!

water.!While!these!two!theories!have!been!around!for!almost!half!a!century!and!do!not!

quite!explain!the!entirety!of!liquid!water’s!anomalies,!they!remain!the!backbone!of!most!

modern!theories!on!water!structure.!!

!

Experimental!efforts!to!understand!the!structure!of!liquid!water!have!broadly!included!

x`ray!and!neutron!diffraction!studies!and!infrared!spectroscopy.!Of!these,!the!diffraction!

data!provides!radial!distribution!functions,!but!they!do!not!provide!information!on!

geometries!6,7.!More!recent!studies!on!the!structure!of!first!coordination!shell!in!liquid!

water!was!carried!out!using!x`ray!absorption!spectroscopy,!where!most!of!water!

molecules!at!room!temperature!was!observed!to!have!two!hydrogen!bonds!per!

molecule!8!However,!the!finding!in!this!study!showed!significant!discrepancies!with!
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structures!determined!by!molecular!dynamics!(MD)!studies,!further!complicating!the!

complete!understanding!of!water.!

!

Infrared!spectrum!is!a!sensitive!marker!of!hydrogen!bonding!strength!as!the!frequency!

OH!stretch!vibration!is!observed!to!decrease!linearly!with!stronger!hydrogen!bonding!
9
.!

For!water,!the!OH!stretch!frequency!increases!as!water!goes!from!solid!to!liquid!to!gas,!

and!this!is!confirmed!in!the!infrared!spectra!shown!in!figure!3.!Despite!such!

straightforward!correlation!between!the!hydrogen!bonding!strength!and!vibrational!

frequency!of!OH!stretch,!a!significantly!broad!OH!stretch!peak!of!liquid!water!has!

puzzled!many!theoreticians!to!interpret!the!infrared!spectrum!of!liquid!water!over!the!

years.!Today,!the!most!widely!used!interpretation!involves!decomposing!several!

components!of!the!OH!stretch!peak!via!peak`fitting,!second`derivative!or!Fourier!de`

convolution.!All!three!methods!give!similar!results`there!are!three!components!with!

their!centroid!centered!around!3200,!3400!and!3600!cm`1!
10
.!These!are!interpreted!as!

‘ice`like’!water,!partially!hydrogen!bonded!water!and!free!OH!respectively.!!

!
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!

Figure(1.3!Infrared!spectra!of!water!vapor!(red),!liquid!water!11!and!ice!(blue).!12!

More!recent!studies!on!the!structure!of!liquid!water!have!concentrated!more!on!the!

dynamics!of!hydrogen`bonded!water!network.!In!these!studies,!ultrafast!time`resolved!

infrared!spectroscopy!was!used,!and!the!results!showed!fluctuations!in!liquid!water!on!

the!time!scales!ranging!from!picoseconds!to!femtoseconds!13,14.!It!is!largely!due!to!these!

studies!that!resulted!in!currently!accepted!structure!of!liquid!water,!that!is!described!as!

hydrogen!bonded!network!of!water!molecules!with!ultra`fast!flickering!hydrogen!bonds.!

Consequentially,!theories!involving!long!lasting!water!structures!have!been!abolished.!

!

1.04 Interfacial(Water(and(Exclusion(Zone((EZ)(

!

It!is!commonly!accepted!that!in!the!vicinity!of!hydrophilic!interfaces!water!organizes!

into!ice`like!water,!which!project!from!the!surface!by!a!few!layers!15,16.!The!surface!

water,!also!known!as!‘interfacial!water’,!has!distinct!physco`chemical!properties!
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compared!to!bulk!liquid!water.!These!properties!include!viscosity!as!much!as!six!order!of!

magnitude!higher!than!‘bulk’!water!17;!higher!specific!heat,!diffusion!constant!and!

dielectric!constant!18.!Partly!due!to!the!rapid!development!of!surface`characterization!

techniques,!most!recent!work!has!focused!almost!exclusively!on!near`surface!dynamics!

confined!to!the!first!few!molecular!layers.!Consequently,!possible!macroscopic!surface!

effects!on!nearby!water!have!not!been!widely!studied.!

!

On!the!other!hand,!decades!of!early!work!has!demonstrated!that!water!can!exhibit!

physical!properties!quite!different!than!those!of!bulk!water,!out!to!distances!on!the!

order!of!micrometers!19.!Further,!such!an!extensive!surface!water!zone!near!many!

biological!surfaces,!known!as!the!unstirred!layer,!has!been!broadly!observed!to!

significantly!impact!the!rate!of!colloidal!diffusion!across!cell!membranes!11.!

!

Recent!studies!of!water!near!hydrophilic!surfaces!indicates!that!the!interfacial!water!

zone!may!extend!unexpectedly!far!from!hydrophilic!surfaces!20.!Those!surfaces!include!a!

wide!range!of!materials!such!as!ion`exchange!resins,!polymers,!hydrogels,!functionalized!

monolayers,!muscle!tissues!and!metal!oxides.!The!near`surface!aqueous!zones!exhibit!a!

number!of!unique!properties,!the!most!notable!being!that!suspended!particles!(e.g.,!

monodisperse!colloids)!are!excluded!from!the!surface!to!distances!of!several!hundred!

micrometers;!thus,!these!particle`free!zones!have!been!termed!exclusion!zones!(EZs).!A!

typical!micrograph!of!EZ!is!shown!in!the!figure!1.4.!EZs!exhibit!a!number!of!physical!



! 8!

properties!differing!from!those!of!bulk!water.!They!bear!negative!electrical!potential,!as!

much!as!150−200!mV!near!the!nucleating!surface,!they!exhibit!anomalous!UV!

absorption!at!270!nm,!and!they!show!diminished!infrared!emissivity,!and!retarded!T2!

relaxation!times!
21`23

.!These!properties!collectively!imply!that!the!water!within!EZs!may!

be!more!ordered!than!bulk!water.!

!

!

Figure(1.4!Solute!exclusion!in!the!vicinity!of!polyacrylic!acid!(PAA)!gel.!!Gel!runs!vertically.!

The!blurred!vertical!white!element!to!the!right!of!“gel”!is!an!optical!artifact.!!The!gel!was!

placed!on!a!coverslip,!superfused!with!a!suspension!of!1`µm!carboxylate`coated!

 

200 µm 

gel 

EXCL

 

EXCL 
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polystyrene!microspheres,!and!observed!in!an!inverted!microscope!equipped!with!a!20x!

objective.!!Image!obtained!20!min.!after!superfusion.!

!

1.05 Water(in(Biological(Systems(

(

Water!plays!a!crucial!role!in!biological!systems.!While!the!role!of!water!for!sustaining!life!

is!well!recognized,!the!exact!role!of!water!in!biological!processes!and!energetics!remains!

unclear.!On!the!other!hand,!an!increasing!number!of!recent!studies!show!that!biological!

processes!such!as!protein`ligand!binding,!protein!folding!and!DNA!sequence!recognition!

are!heavily!influenced!by!interfacial!water!dynamics!24.!!

!

Of!these,!the!protein!folding!problem!is!significant!as!it!sits!the!base!of!biological!

function!25`27.!X`ray!crystallography!studies!had!revealed!that!there!are!a!couple!of!

hydration!layers,!which!persisted!on!the!protein!surface!even!under!very!high!vacuum!

28,29.!Due!to!such!small!extent!of!hydration!water,!the!following!studies!on!water!protein!

interaction!had!largely!focused!on!the!interaction!of!water!with!protein!backbone!and!

highly!charged!side!chains!30.!However,!recent!development!of!THz!and!florescence!

spectroscopy!techniques!have!reveled!that!dynamic!hydration!shell!around!proteins!can!

extend!out!to!much!longer!distances!31,32,!demonstrating!long`range!effects!of!protein!

on!nearby!water.!Further,!recent!dielectric!spectroscopy!studies!show!that!protein!

folding!is!largely!‘slaved’!by!dynamics!of!water!beyond!the!first!couple!hydration!layers!
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33.!Combined!together,!these!results!indicate!that!water!plays!a!central!role!in!

determining!protein!structure!and!dynamics,!as!important!as!the!protein!itself.!

!

1.06( Infrared(Spectroscopy(

!

Infrared!light!is!part!of!the!electromagnetic!spectrum!that!lies!between!visible!light!and!

microwave.!Infrared!spectroscopy!along!with!Raman!spectroscopy!is!a!type!vibrational!

spectroscopy,!and!probes!molecular!vibrations.!For!its!ease!of!use,!infrared!

spectroscopy!has!become!one!of!the!most!widely!used!techniques!for!determining!of!

chemical!structure!of!molecules.!When!radiant!energy!is!the!same!as!the!energy!of!

molecular!vibration,!absorption!occurs.!A!molecule!is!said!to!be!infrared!active,!when!

absorption!of!infrared!light!results!in!change!of!dipole!moment,!also!known!as!selection!

rule.!Because!most!biological!molecules!vibrational!frequency!fall!within!the!mid`IR!

region,!infrared!spectroscopy!has!been!especially!useful!in!determining!the!structure!of!

biomolecules!such!as!protein!and!enzymes.!!

!

1.07( Synchrotron(radiation(FTIR((SRPFTIR)(spectromicroscopy(

!
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In!the!modern!era,!the!most!common!form!of!infrared!spectroscopy!is!Fourier!transform!

IR!(FTIR)!spectroscopy.!FTIR!utilizes!a!miniature!Michelson`Morley!type!interferometer!

and!results!in!quick!generation!of!spectrum!with!relatively!simple!sample!preparation.!

Briefly,!a!source!infrared!light!goes!through!a!beam!splitter,!with!one!beam!reflecting!off!

of!stationary!mirror!while!the!other!is!reflecting!off!of!moving!mirror.!The!split!beams!

are!then!re`combined!to!reach!the!detector!and!this!give!an!interferogram.!Taking!the!

Fourier!transform!of!the!interferogram!results!in!a!spectrum.!The!performance!of!FTIR!

spectrometer!is!generally!dependent!on!the!source!brightness.!Typical!infrared!source!

used!in!FTIR!spectrometers!has!thermal!globar!source!that!has!a!large!beam!waist.!For!

this!region,!in!most!practical!use!of!spectrometers,!an!aperture!is!placed!in!the!beam!

path!to!limit!the!size!of!the!beam!reaching!the!sample.!Such!constraint!in!the!optical!

set`up!results!in!poor!spatial!resolution!in!globar!source!based!FTIR!spectrometers,!

typically!bigger!than!30!micrometers.!!

!

To!deal!with!the!limitations!faced!by!Globar!sources,!synchrotron!radiation!based!

infrared!spectroscopy!has!been!developed!in!the!last!couple!of!decades.!Synchrotron!

stores!electrons!moving!at!relativistic!speed!along!the!curved!path!through!magnetic!

field,!and!therefore!produces!extremely!bright!IR!light!that!are!two!to!three!orders!of!

magnitude!brighter!than!conventional!thermal!source.!In!addition,!the!small!opening!

angle!of!synchrotron!radiation!produces!a!beam!profile!that!is!close!to!an!ideal!point!

source.!A!typical!set`up!for!a!SR`FTIR!spectro`microscope!is!shown!in!figure!1.5.!
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!

!

Figure(1.5!Set`up!of!SR`FTIR!spectro`microscope!34!

!

Owing!to!its!high!brightness!and!small!beam!size,!recent!development!of!synchrotron!

radiation!(SR)!FTIR!spectro`microscopy!has!enabled!non`invasive!probing!of!biological!

tissues!and!living!cells!with!unprecedented!spectral!sensitivity!and!diffraction`limited!

spatial!resolution!in!determination!of!chemical!species!and!structures!within!biological!

samples!34`36.!A!comparison!of!spectra!collected!with!conventional!thermal!source!and!

synchrotron!radiation!is!shown!in!figure!1.6.!Evidently,!synchrotron!radiation!gives!

superior!signal!with!high!spectral!sensitivity!in!a!much!shorter!time.!

!
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!

Figure(1.6!Comparison!of!FTIR!spectra!of!a!single!cell!collected!with!conventional!

thermal!globar!source!(blue)!and!synchrotron!source!(red).!The!collection!time!for!the!

synchrotron!source!was!~16!s!compared!to!~200!s!for!the!thermal!source!34!

!

1.08( Muscle(Architecture(

(

Muscle!is!one!of!the!major!organ!systems!in!our!body,!consisting!of!cardiac,!skeletal!and!

smooth!muscle.!It!regulates!wide!range!of!important!physiological!activities!such!as!

movements,!blood!circulation!and!maintaining!posture.!Muscle!is!an!intricately!

organized!hierarchal!system!with!unique!assembly!geometry!ranging!over!broad!length!

scales!from!nanometers!to!centimeters!as!shown!in!figure!1.7.!Skeletal!muscle!is!

!
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composed!of!cylindrical!muscle!fibers,!which!are!tightly!held!together!along!the!length!

by!collagen.!Muscle!fiber!or!multi`nucleated!muscle!cell!contains!tightly!packed!

cylindrical!myofibrils!of!same!length.!The!myofibrils!are!the!smallest!intact!contractile!

unit!and!composed!of!muscle!protein!filaments!packed!in!a!hexagonal!array.!The!major!

contractile!proteins!in!muscle!are!actin!and!myosin,!and!their!assemblies!are!also!called!

thin!and!thick!filaments!respectively.!

!

!!

!
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!

Figure(1.7!Architectures!of!skeletal!muscle!system!at!several!organizational!levels!(a)!

muscle!(b)!muscle!fiber!(c)!myofibril!(d)!Sarcomere.!37!

1.09( ‘CrossPbridge’(Theory(of(Muscle(Contraction(and(Alternative(Views(

!
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Modern!understanding!on!the!molecular!mechanism!of!muscle!contraction!is!largely!

dominated!by!the!‘cross`bridge’!theory!originally!proposed!by!Sir!Andrew!Huxley!and!

H.E.!Huxley!38,39.!A!pictorial!diagram!of!molecular!muscle!contraction!is!shown!in!figure!

1.8.!In!this!theory,!an!ATP!first!binds!to!the!myosin!head,!bringing!the!myosin!to!lower!

energy!state!and!allowing!the!myosin!head!to!detach!from!the!actin!filament.!Next,!ATP!

goes!through!hydrolysis!and!splits!into!ADP!and!phosphate!to!bring!myosin!to!higher!

energetic!state.!Release!of!phosphate!by!the!myosin!head!results!in!‘swinging’!of!myosin!

head,!causing!the!actin!filament!to!slide!past!myosin!filament.!ADP!is!then!released!to!

lock!the!head!into!the!‘rigor’!configuration.!As!the!next!ATP!binds!to!the!myosin!head,!

another!cycle!begins.!Despite!wide!acceptance!of!this!model.!many!experimental!results!

remain!at!odds!with!that!theory.!The!most!notable!are!shortening!of!thick!filaments!

during!contraction!40,!and!generation!of!force!even!with!no!apparent!overlap!of!thick!

and!thin!filaments!41,!where!no!attachment!of!myosin!heads!to!actin!filaments!can!occur.!

Both!findings!indicate!the!need!for!an!alternative!mechanism!42,43.!

!
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!

Figure(1.8!Pictorial!diagram!of!molecular!muscle!contraction!proposed!by!the!‘cross`

bridge’!theory.!44!
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Moreover,!numerous!experimental!observations!indicate!that!water!may!play!an!

important!role!in!muscle!activation!(for!summary,!see!42,45).!Several!recent!findings!

indicate!that!interfacial!water!near!surfaces!is!at!least!an!order!of!magnitude!more!

viscous!than!bulk!water,!with!several!groups!reporting!as!high!as!6`fold!viscosity!

increase!near!hydrophilic!surfaces!46.!This!high!viscosity!implies!that!the!theory’s!

required!molecular!swinging!may!encounter!difficulty,!and!that!ATP!splitting!alone!

might!not!account!for!the!energy!needed!to!contract!the!muscle.!!

! !
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Chapter!2.!Physicochemical!Properties!of!Interfacial!Water!Near!

Hydrophilic!Surfaces!

!
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)

)

2.1! Abstract!

)

Near)hydrophilic)surfaces,)water)molecules)are)believed)to)form)distinct)phase)from)

bulk)water)out)to)a)few)molecular)layers.)However,)recent)studies)have)demonstrated)

that)water)can)have)markedly)different)physcoWchemical)properties)and)this)interfacial)

zone)can)extend)out)to)several)tens)and)hundreds)of)micrometers.)In)this)study,)these)

findings)are)extended)to)investigate)the)generality)of)exclusion)zone)(EZ))nucleating)

surfaces)in)biological)realm.)In)addition,)the)origin)of)negative)potential)within)the)EZ)



! 27!

water)is)studied)by)observing)the)pH)distribution)within)and)just)outside)of)EZ)using)

molecular)pH)dyes.)Finally,)the)presumed)ordered)nature)of)EZ)is)tested)by)measuring)

the)viscosity)of)water)inside)EZ.)Our)results)show)that)three)vastly)different)biopolymers,)

brown)algae,)cow)tendon)and)gel)of)Ampullae)of)Lorenzini)from)sharks,)all)show)EZ)near)

their)surfaces)extending)up)to)about)200)µm.)Hence,)EZ)nucleation)is)a)general)feature)

of)biological)surfaces.)The)following)pH)measurements)showed)that)EZ)can)exclude)

solutes)of)molecular)dimensions,)and)EZ’s)negative)potential)has)it)roots)in)ejection)of)

acidic)water)moieties)out)of)the)interfacial)zone.)This)results)in)negatively)charged)

interfacial)zone)juxtaposed)to)a)bulk)portion)with)access)positive)charge.)Finally,)

viscosity)measurements)showed)significantly)higher)viscosity)of)water)within)the)EZ.)The)

viscosity)largely)resembled)spatial)feature)of)negative)electrical)potential;)the)higher)the)

negative)potential,)the)more)viscous)water)is.)The)findings)reported)here)help)to)

assemble)a)wholesome)picture)of)EZ)and)confirm)the)generality)of)EZ)in)biological)realm.))

) )
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2.2! Introduction!

!

Water)is)the)most)abundant)substance)on)earth)and)influences)our)lives)daily.)Despite)

such)abundance)and)importance,)water)is)yet)to)be)completely)understood)due)to)its)

anomalous)properties.1,2)Of)these,)particularly)challenging)to)understand)is)water)near)

surfaces.)Water)is)rarely)in)its)deionized)form)in)natural)settings,)but)rather)contains)

some)impurities,)which)provide)interfaces)to)interact)with)water)molecules.)Therefore,)

understanding)properties)of)Interfacial)water)is)critically)important)for)numerous)

chemical,)biological,)and)atmospheric)processes.)))

)

Water)molecules)lying)next)to)hydrophilic)interfaces)are)organized)into)ordered)arrays.))

Such)ordering)is)thought)to)project)out)by)several)molecular)layers)from)the)interface.)

The)water)molecules)lying)beyond)them)are)undergoing)thermal)motion)intense)enough)

to)preclude)much)additional)ordering.))Hence,)beyond)those)few)layers,)water)

molecules)are)widely)considered)to)lie)within)the)bulk)phase)(Israelachvili,)1992).)

)

On)the)contrary)to)widely)accepted)views,)recent)findings)suggest)that)physicoWchemical)

properties)of)water)can)differ)much)further)from)the)surface.)3,4)The)central)observation)

is)rather)unexpected.)In)he)vicinity)of)hydrophilic)surfaces,)colloids)and)solutes)are)

extensively)excluded)from)the)nucleating)surface)out)to)hundreds)of)micrometers)and)

hence,)this)zone)is)termed)exclusion)zone)(EZ).)Another)notable)property)of)EZ,)which)
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differ)markedly)from)bulk)water,)is)negative)electrical)potential,)up)to)200)mV)at)the)

surface)and)diminish)down)to)0)mV)over)200)μm)from)the)surface.)In)addition,)the)EZ)

has)anomalous)270)nm)UV)absorption)and)lowered)NMR)spinWspin)(T2))relaxation)time.)

Collectively,)these)findings)indicate)that)water)within)EZ)is)of)more)ordered)phase)of)

water)compared)to)bulk.))

)

While)these)findings)are)counterintuitive,)a)similar)result)had)been)broadly)published)

four)decades)ago:)in)addressing)the)origin)of)the)soWcalled)“unstirred)layer”)adjacent)to)

biological)tissues.)Unstirred)layer)was)observed)near)broad)range)of)biological)tissues)

including)cornea,)intestinal)lining,)skin)and)cell)membranes,)as)well)as)synthetic)surfaces)

such)as)polyHEMA.))Inside)unstirred)layer,)particle)diffusion)was)observed)to)be)

significantly)slower)than)what)is)expected)in)liquid)water,)hence)indicating)higher)

viscosity)of)water)within)this)region.)Additionally,)a)number)of)studies)have)shown)that)

unstirred)layer)largely)regulate)solute)transport)within)biological)systems.)Though)

seemingly)important)aspect)of)biology,)the)nature)of)unstirred)layer)still)remains)a)

mystery)and)to)date,)there)has)not)been)a)suitable)physical)model)to)explain)

unexpected)observations)from)unstirred)layers.)In)light)of)recent)observation)of)EZ,)it)

looks)that)EZ)and)unstirred)layer)share)a)number)of)similar)properties)and)better)

understanding)the)properties)of)EZ)can)shed)fresh)insights)into)the)nature)of)unstirred)

layer)and)its)biological)implications.)

)



! 30!

Hence,)there)is)little)doubt)that)interfacial)water)near)hydrophilic)surfaces)differs)in)its)

properties)from)those)of)bulk)water.)Additionally,)earlier)results)indicate)that)EZ)water)

may)well)be)more)statically)and)dynamically)ordered)than)bulk)water.))This)difference)in)

physicochemical)properties)is)what)appears)to)lead)to)the)observed)exclusion)of)solutes.)

)

In)this)study,)we)extend)these)findings)in)three)ways.)In)order)to)further)our)

understanding)in)biological)implications)of)EZ)and)establish)broader)generality)of)EZ)

nucleating)surfaces,)a)new)set)of)biopolymers)will)be)used)to)observe)EZ.)Second,)we)

will)investigate)the)nature)of)negative)electric)potential)within)EZ.)If)EZ)is)negatively)

charged,)the)positive)charges)ought)to)be)directed)nearby)as)water)is)expected)to)be)

electrically)neutral)in)bulk)form.)Next,)we)will)employ)fallWball)viscometry)to)measure)

viscosity)of)water)within)EZ.)Viscosity)is)a)fundamental)property)of)liquids,)and)more)

stable)phase)of)liquid)is)expected)to)have)higher)viscosity)compared)to)bulk.))

!

2.3! Methods!and!Materials!

!

2.3.1! General!

For)all)experiments,)deionized)water)(type)I)HPLC)grade)(18.2)MΩWcm)))was)collected)

from)a)Barnstead)D3750)Nanopure)Diamond)purification)system.)All)experimental)

chambers)were)washed)with)deionized)water)extensively)prior)to)experiments)in)order)

to)prevent)contamination)of)experimental)materials.)
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)

2.3.2! Biological!Sample!preparation!

!

In)order)to)test)the)generality)of)EZ)nucleating)surfaces,)we)will)use)three)biopolymers.)

First)one)is)Saccharina,)a)type)of)brown)algae)broadly)used)as)a)delicacy)in)eastern)Asian)

countries.)The)algae)was)purchased)from)a)local)Asian)market)in)dried)form.)Prior)to)

experiments,)the)algae)was)soaked)in)deionized)water)for)three)hours)followed)by)triple)

wash)with)deionized)water.))

)

The)second)biopolymer)used)was)tendon)from)OxWtail)of)cows.)The)tendon)is)rich)with)

type)I)collagen,)which)is)largely)present)in)collective)tissues)of)animals.)OxWtail)was)

purchased)at)a)local)grocery)shop.)After)removing)the)meat)with)knife)blade,)the)tendon)

was)chopped)into)0.5)m)x)0.)5)cm)x)1)mm)pieces)for)experiments.)Prior)to)experiments,)

tendon)pieces)were)rinsed)in)deionized)water)for)24)hours)to)remove)all)other)

contaminants)such)as)blood.)

)

The)third)biopolymer)sample)used)was)a)gel)contained)within)Ampullae)of)Lorenzini)

(AOL))found)in)cartilaginous)fish)(sharks,)rays)and)chimaeras).)AOL)is)a)special)

electromagnetic)sensor,)which)helps)the)fish)to)navigate)by)sensing)electromagnetic)
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field.)These)sensors)are)mostly)located)near)the)mouth)of)fish)and)are)also)thought)to)

be)used)in)temperature)sensing)by)fish.))

)

For)experiments,)frozen)cat)fish)were)acquired)from)Professor)Adam)Summer’s)group)at)

Friday)Harbor)Laboratories,)University)of)Washington.)After)slow)thawing)of)fish)at)0)°C)

over)48)hours,)the)AoL)pores)containing)the)gel)were)softly)pressed)until)clear)gel)

dribble)out)of)the)pores.)The)gel)was)then)collected)using)knife)blade)and)store)in)

Eppendorf)tubes)at))W20)°C))for)future)experiments.)Each)catfish)yielded)roughly)0.5)mL)

of)the)gel)for)future)experiments.)

)

2.3.3!!!!!Microscopy!of!EZ!near!biopolymers!

For)visual)observation)of)EZ)near)biopolymers,)inverted)brightWfield)microscope)(Zeiss)

Axiover)150))was)used)for)all)experiments)with)a)10)X)objective.)For)both)polymers,)2)

μm)diameter)microspheres)were)used)as)a)marker)for)EZ.)The)microsphere)suspension)

was)prepared)by)adding)two)drops)of)carboxylated)polystyrene)bead)stock)suspension)

(Polysciences,)inc.)#))18327W10))into)10)mL)of)deionized)water.))

)

The)samples)were)first)hydrated)in)deionized)water)for)two)hours)prior)to)experiment.)

For)experiments,)the)polymer)sample)was)first)placed)in)custom)made)glass)chamber)of)

dimensions)2)cm)x)2)cm)x)1mm)and)the)chamber)was)then)filled)with)microsphere)
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suspension.)After)EZ)has)stabilized)in)about)10)minutes,)EZ)was)observed.)The)collected)

images)were)processed)with)imageJ)to)determine)the)size)of)EZ.)

)

2.3.4! pH!Dye!Experiments!

)

For)the)pH)dye)experiments,)a)chamber)with)transparent)glass)walls)was)constructed)

using)ordinary)1WmmWthick,)50)x)73)mm)glass)microscope)slides)held)apart)by)1Wmm)glass)

spacers,)which)formed)the)sides)of)the)chamber.)Epoxy)glue)(cat.)#:)14250,)Devcon,)MA))

was)applied)to)around)the)resulting)boxWlike)chamber)to)prevent)water)leakage.)At)the)

bottom)of)the)chamber,)we)glued)either)a)sheet)of)Nafion)(SigmaWAldrich)#:)274674).))To)

make)a)pH)dye)solution,)universal)pHWindicator)dye)(Sigma)#36803))was)added)to)the)

water)per)manufacture’s)recommended)concentration.)The)pH)dye)solution)was)then)

poured)slowly)into)the)chamber)and)corresponding)changes)in)color)was)recoreded.)For)

recordings)of)changes)in)dye)color)(pH),)a)macro)lens)was)attached)to)a)Scion)CCD)

camera)with)resolution)of)1600)x)1200)pixels)to)yield)viewing)area)of)75)mm)x)56.25)mm.)

pH)color)scale)and)corresponding)RGB)values)were)calibrated)by)carefully)titrating)water)

with)HCL)and)NaOH)from)pH)of)3)to)10.)

)

2.3.5! Measurement!of!interfacial!water!viscosity!

)
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For)the)viscosity)experiments,)fallingWball)viscometry)was)used.)To)track)the)descent)of)

spheres,)a)chamber)with)transparent)glass)walls)was)constructed)using)ordinary)1WmmW

thick,)50)x)73)mm)glass)microscope)slides)held)apart)by)1Wmm)glass)spacers,)which)

formed)the)sides)of)the)chamber.)Epoxy)glue)(cat.)#:)14250,)Devcon,)MA))was)applied)to)

around)the)resulting)boxWlike)chamber)to)prevent)water)leakage.)At)the)bottom)of)the)

chamber,)we)glued)either)a)sheet)of)Nafion)(SigmaWAldrich)#:)274674))or,)as)a)control,)a)

strip)of)aluminum)or)steel,)which)generated)little)or)no)exclusion)zone.)Polystyrene)

microspheres,)5,)10,)and)15Wµm)diameter)(Bangs)Laboratory,)Cat)#:)5623,)6955,)6716,)

respectively))were)used)as)falling)balls.)These)spheres)are)nearly)neutral,)thereby)

minimizing)any)electrostatic)interaction)among)the)spheres.)

)

To)carry)out)experiments,)the)chamber)was)first)filled)with)deionized)water)(see)above).)

To)make)sure)that)the)Nafion)was)fully)hydrated,)the)microspheres)were)added)several)

minutes)after)the)chamber)had)been)filled.))

)

A)small)loop,)diameter)~600)µm,)was)constructed)out)of)100Wµm)diameter)copper)wire)

for)suspending)microspheres)into)the)chamber.)By)dipping)the)loop)into)the)prepared)

microsphere)suspension,)it)was)possible)to)obtain)a)thin)film)of)microsphere)suspension)

(<)0.5)μl))containing)only)a)few)microspheres.)This)loop)was)then)dipped)into)the)top)of)

the)chamber.)Typically)10W20)microspheres)were)seen)to)descend.)

)
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As)microspheres)descended,)downward)displacement)was)tracked)using)a)Nikon)bright)

field)microscope)with)a)5x)objective)(Model)76023))and)Scion)CCD)digital)camera)(Model)

CFWW1310C).)A)green)LED)(Phillips)Luxeon)R5JG))with)a)narrow)localized)peak)at)530)nm)

was)used)as)a)light)source.)Minimizing)intensity)tended)to)minimize)thermal)convection.)

To)compute)the)vertical)component)of)descent)(some)sideways)motion)was)often)

present),)screens)showing)1200)µm)high)zones)were)examined)using)ImageJ)at)one)

frame)every)five)seconds,)and)velocity)was)computed.)This)was)done)at)a)series)of)

heights)—)4,800,)3,300)and)1800,)1000,)500,)200,)100)and)50)µm.)Five)runs)were)made)

at)each)height)for)microspheres)of)each)size.)

)

2.4! Results!

Exclusion)zone)has)been)observed)near)variety)of)surfaces)including)both)natural)and)

synthetic)polymers.)In)biological)realm,)one)EZ)nucleating)surface)was)skinned)muscle)

fiber,)where)EZ)was)shown)to)extend)out)to)about)100)µm)from)the)surface.)However,)

more)biopolymers)need)to)be)examined)for)EZ)nucleation)in)order)to)reach)a)generality)

that)EZ)is)necessarily)induced)by)all)biopolymers.)In)order)to)further)test)the)generality)

of)EZ)near)biological)surfaces,)three)more)samples)were)used)as)EZ)nucleating)surfaces.))

)

The)samples)were)all)chosen)to)represent)larger)class)of)biological)surfaces)with)an)aim)

of)reaching)generality.)The)first)sample)is)brown)algae,)which)is)omnipresent)throughout)

oceans.)Hence,)brown)algae)offer)a)good)model)of)marine)plants.)The)second)sample)
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was)chosen)to)be)tendon)from)cow)oxWtail)for)its)high)content)of)collagen)I)proteins.)

Collagen)I)is)the)most)prominent)proteins)in)animal)connective)tissues,)and)hence)can)

model)broad)range)of)animal)tissue.)The)last)same)of)a)gel)from)Ampullae)of)Lorenzini)

(AoL).)AoL)is)one)of)a)very)few)organs)that)is)sensitive)to)electromagnetic)waves.)Given)

the)charged)nature)of)EZ,)it)is)hypothesized)that)EZ)water)properties)paly)an)important)

role)in)electromagnetic)sensing.)

)

Figure)2.1)shows)a)representative)micrograph)of)EZ)next)to)brown)algae.)The)size)of)EZ)

is)comparable)to)EZ’s)previously)found)next)to)other)surfaces,)about)200))µm.)EZ)is)

present)around)the)whole)piece)of)brown)algae)and)persisted)for)at)least)six)hours.)

Therefore,)there)is)a)stable)EZ)next)to)surface)of)brown)algae.)Figure)2.2)Shows)a)

representative)micrograph)of)EZ)next)to)oxWtail)tendon.)Similar)to)brown)algae)and)other)

EZ)nucleating)surfaces,)the)tendon)shows)a)sizable)EZ)of)about)200))µm.)The)EZ)next)to)

oxWtail)tendon)also)showed)robustness)and)stability)as)it)persisted)for)a)minimum)of)

eight)hours.)OxWtail)tendon)is)mostly)composed)of)collagen)I,)which)is)omnipresent)

throughout)connective)tissues)in)animals.)Hence,)EZ)is)largely)expected)to)be)present)

within)our)connective)tissues.)
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)

Figure!2.1)Exclusion)zone)(EZ))near)Saccharina,)a)type)of)brown)algae.)Brown)algae)is)at)

the)bottom)of)the)image.)The)scale)bar)denotes)100))µm.)

)



! 38!

)

Figure!2.2)Exclusion)zone)(EZ))next)to)oxWtail)tendon.)The)dark)region)to)the)right)of)the)

figure)is)tendon.)The)scale)bar)denotes)100))µm.)

)

The)gel)from)Ampullae)of)Lorenzini)(AoL))was)next)used)to)check)for)EZ)and)

representative)micrograph)is)shown)in)figure)2.3)Unlike)the)tendon)and)brown)algae,)

AoL)gel)showed)rather)‘patchy’)exclusion)zone)at)its)surface.)There)were)regions)of)EZ,)

but)other)parts)did)not)show)notable)EZ.)Another)notable)feature)is)that)the)size)of)EZ)is)

notably)smaller)than)those)found)near)tendon)and)brown)algae,)about)80))µm.))
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)

Figure!2.3)Exclusion)zone)(EZ))next)to)gel)from)Ampullae)of)Lorenzini.)The)darker)part)to)

the)left)of)image)is)the)gel.)The)scale)bar)denotes)100))µm.)

)

A)significant)aspect)of)the)exclusion)zone)(EZ))is)its)negative)electrical)potential.))The)

potential)is)most)negative)next)to)the)nucleating)surface)and)diminishes)toward)zero)at)

the)EZWbulk)water)boundary.))The)implication)of)the)negative)potential)is)that)the)EZ)
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may)contain)negative)charge.))But,)if)the)EZ)were)negatively)charged,)then)a)positively)

charged)counterpart)ought)to)exist)somewhere,)and)we)considered)whether)the)bulk)

water)might)have)excess)unbound)protons)ejected)from)EZ.)

)

Figure))2.4)shows)an)image)of)a)narrow)waterWcontaining)chamber)with)a)Nafion)sheet)

placed)at)the)bottom.))A)universal)pHWindicator)dye)was)added)to)the)water)in)

concentration)as)per)the)manufacturer’s)recommendation.))The)Nafion)sheet)appears)

dark)red)because)of)the)local)acidity.))Just)above)and)below)the)Nafion)are)clear)zones,)

from)which)the)dye)is)excluded)in)much)the)same)way)as)microspheres)are)excluded.))

Above)this)exclusion)zone)is)a)rainbow)of)colors,)indicating)a)steep)pH)gradient.))The)red)

color)indicates)pH)<3;)the)colors)above)indicate)progressively)higher)pH)levels,)with)near)

neutrality)(pH=7))at)the)top.))

)

The)dyeWfree)regions)above)and)below)show)roughly)the)same)dimension)as)EZ)marked)

with)microspheres.)Hence,)it)seems)that)EZ)effectively)exclude)solutes)of)molecular)

dimensions.)Further,)EZ)size)does)not)depend)much)on)the)size)of)the)solutes.)The)result)

gathered)here)represent)a)more)complete)story)of)charge)separation)associated)with)EZ)

formation.)It)seems)that)water)becomes)negatively)charges)as)it)ejects)protons)or)

hydronium)ions)out)to)the)bulk,)creating)charge)separation)across)the)boundary)of)EZ.)

)
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)

Figure!2.4)pH)distribution)next)to)exclusion)zone.)The)nafion)strip)is)colored)red)due)to)

local)acidity.)The)clear)zone)above)and)below)nafion)shows)exclusion)of)molecular)dyes)

out)to)~200)µm.)The)region)above)nafion)shows)diminishing)acidity)further)away)from)

nafion.)

)

)

(

The)EZ’s)liquidWcrystallineWlike)nature)implies)a)cohesiveness)among)constituent)

elements,)which)in)turn)implies)that)the)ensemble)should)have)higher)viscosity)than)

bulk)water.))To)test)this)expectation,)we)used)falling)ball)viscometry.)A)strip)of)Nafion)

Nafion

pH-sensitive dye(s)

H+

H+

H+

dye excluded

still smaller…
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was)glued)to)the)bottom)of)an)experimental)chamber,)which)was)filled)with)water.))The)

velocity)of)descent)of)spheres)was)tracked)in)order)to)determine)whether)spheres)might)

slow)down)as)they)descended)into)the)EZ.))

)

The)results)are)shown)in)Figure)2.5))A)reduction)of)velocity)near)the)Nafion)surface)was)

found)for)both)the)10)and)15µm)spheres.)For)the)5)µm)spheres)the)decline)in)velocity)

was)most)pronounced,)reaching)a)value)less)than)0.01)µm/sec)at)heights)less)than)1,000)

µm.)

)

)

Figure!2.5)Velocity)as)a)function)of)height)above)the)Nafion)surface,)for)5,)10)and)15W m)

diameter)polystyrene)microspheres.)

)

)



! 43!

From)the)values)of)velocity,)it)was)possible)to)compute)the)viscosity)from)the)simplified)

version)of)the)NavierWStokes)equation.))Thus,)

)

)

)

where) )is)the)particle’s)settling)velocity)(m/s),)r)is)the)Stokes)radius)of)the)particle),)g)is)

the)gravitational)acceleration,) )is)the)density)of)the)particles,) )is)the)density)of)the)

fluid,)and) )is)the)fluid)viscosity.)For)simplicity,)nonlinear)convective)forces)were)not)

considered)and)fluid)density)was)assumed)constant.)It)was)also)assumed)that)the)

microspheres)were)falling)at)their)terminal)velocity.)

)

The)computed)results)for)viscosity)are)shown)in)Figure)2.6)Note)that)computed)viscosity)

increases)markedly)near)the)Nafion)surface.))By)contrast,)results)of)Figs)2.7)show)that)

the)nearWsurface)viscosity)increase)is)absent)for)substances)that)have)little)or)no)

exclusion)zone.)Hence,)the)EZ)is)considerably)more)viscous)with)viscosity)of)up)to)six)

times)higher,)compared)with)water)next)to)nonWEZWgenerating)surfaces.)
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)

Figure!2.6)Computed)viscosity)as)a)function)of)distance)from)Nafion)surface)for)5,)10)

and)15) m)diameter)polystyrene)microspheres.)

)

)
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)

Figure!2.7)Computed)viscosity)as)a)function)of)distance)from)control)glass)surface)for)5,)

10)and)15) m)diameter)polystyrene)microspheres.)

)

2.5! Discussion!

This)study)was)carried)with)a)goal)of)further)examining)the)generality)of)EZ)nucleating)

surfaces)in)biological)realm)and)EZ’s)physicoWchemical)properties.)Three)different)

biopolymers)were)used)as)model)systems:)brown)algae,)cow)tendon)and)gel)of)

Ampullae)of)Lorenzini)(AoL).)Though)the)origin)of)the)three)biological)samples)are)vastly)

different,)all)of)them)showed)similar)results.)All)three)samples)showed)distinct)EZ)with)

its)dimension)reaching)hundreds)of)micrometers.)Of)these)the)brown)algae)and)cow)

tendon)showed)more)robust)EZ)with)dimensions)comparable)to)the)EZ)shown)next)to)
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nafion.)The)EZ)next)to)gel)of)AoL,)however,)were)more)patchy.)This)difference)is)

presumed)to)arise)from)the)highly)salty)environment)of)gel)of)AoL.)Previous)results)have)

shown)that)salt)can)decrease)or)almost)eliminate)EZ)at)sufficiently)higher)concentrations,)

and)the)much)higher)concentration)of)salt)within)the)gel)of)AoL)might)be)responsible)for)

diminished)EZ)size)and)patchy)EZs.)

)

To)better)understand)the)process)of)EZ)formation)and)the)source)of)its)negative)

electrical)potential,)conventional)molecular)pH)dye)was)used)to)measure)the)pH)of)the)

zone)beyond)EZ.)As)in)the)case)of)microsphere)markers,)the)molecular)dyes)were)

excluded)from)the)EZ,)demonstrating)invariability)of)EZ)formation)on)the)size)of)the)

solutes.)Further,)highly)acidic)environment)was)observed)at)the)EZWbulk)water)boundary,)

indicating)that)the)EZ)acquired)its)negative)charge)by)ejecting)the)acidic)moieties)of)

water)in)form)of)protons)and)hydronium)ions.)Hence,)It)is)presumed)that)the)rejection)

of)acidic)moieties)of)water)is)a)necessary)condition)for)EZ)to)from)into)its)stable)

structure.)Further,)the)resulting)EZ)induced)charge)separation)opens)new)doors)to)clean)

source)of)energy,)solely)based)on)water.)

)

The)viscosity)of)EZ)was)next)determined)by)using)fallingWball)viscometry,)and)the)results)

indeed)show)that)the)viscosity)of)EZ)is)significantly)higher)compared)to)that)of)bulk)

water.)Further,)the)viscosity)of)water)is)highest)near)the)nucleating)surface,)and)

diminish)over)the)distance)away)from)surface.)Once)striking)feature)of)the)viscosity)
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measurement)is)its)resemblance)to)electric)potential)measurement.)When)spatial)

distribution)of)electrical)potential)is)measured,)the)near)surface)zone)has)the)biggest)

negative)electrical)potential)and)the)potential)diminish)with)distance)away)from)the)

surface.)Hence,)one)can)draw)the)conclusion)that)the)higher)viscosity)if)correlated)with)

negative)potential.)In)other)words,)the)most)negatively)charged)zone)has)the)biggest)

degree)of)structuring.))

)

From)these)results,)we)can)come)up)with)a)physical)model)of)EZ.)Next)to)EZ)generating)

surface,)water)is)the)most)structured)and)are)organized)in)liquid)crystallineWlike)array.)

With)distance)away)from)the)nucleating)surface,)there)are)more)and)more)defects,)

presumably)consisted)of)proton)rich)water,)hence)diminishing)the)negative)potential.))

) )
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Chapter(3.(Dynamics(of(Interfacial(Water(Studied(with(NMR(

Spectroscopy(

Reproduced)with)permission)from)Yoo)et)al.,)Contraction8induced)Changes)in)Hydrogen8

bonding)of)muscle)Hydration)Water.)Journal(of(Physical(Chemistry(Letters,)2011,)2)(6),)

pp5328536.)Copyright)2011)American)Chemical)Society.)

(

3.1( Abstract(

In)suspensions)of)Nafion)beads)and)of)cationic)gel)beads,)NMR)spectroscopy)showed)

two)water–proton)resonances,)one)representing)intimate)water)layers)next)to)the)

polymer)surface,)the)other)corresponding)to)water)lying)beyond.)Both)resonances)show)

notably)shorter)spin–lattice)relaxation)times)(T1))and)smaller)self8diffusion)coefficients)

(D))indicating)slower)dynamics)than)bulk)water.)These)findings)confirm)the)existence)of)

highly)restricted)water)layers)adsorbed)onto)hydrophilic)surfaces)and)dynamically)stable)

water)beyond)the)first)hydration)layers.)Thus,)aqueous)regions)on)the)order)of)

micrometers)are)dynamically)different)from)bulk)water.)

(

(

(

(
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3.2( Introduction(

Water)is)arguably)the)most)important)liquid)on)earth.))Despite)its)significance)and)

abundance,)water)remains)mysterious)in)many)ways,)and)many)anomalous)features)

remain)incompletely)understood)1.)Among)the)lingering)mysteries)are)the)dynamics)at)

interfaces.)Dynamics)of)interfacial)water)is)of)critical)importance)to)biology,)chemistry,)

and)geo8climatic)and)atmospheric)processes,)as)many)catalytic)reactions)occur)at)

interfaces)2,)3.))Yet)the)properties)of)interfacial)water)are)poorly)understood.)

)

It)is)commonly)accepted)that)in)the)vicinity)of)hydrophilic)interfaces)water)organizes)

into)ice8like)water,)which)project)from)the)surface)by)a)few)nanometers)486.))Partly)due)

to)the)rapid)development)of)surface8characterization)techniques,)most)recent)work)has)

focused)almost)exclusively)on)near8surface)dynamics,)i.e.,)dynamics)of)the)first)few)

molecular)layers.)Consequently,)possible)macroscopic)effects)have)not)been)widely)

studied.))

)

On)the)other)hand,)decades)of)early)work)has)demonstrated)that)water)can)exhibit)

physical)properties)quite)different)than)those)of)bulk)water,)out)to)distances)on)the)

order)of)micrometers)7.))

)
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Work)begun)several)years)ago)in)our)group)indicates)that)the)interfacial)water)zone)may)

extend)unexpected)far)from)hydrophilic)surfaces)8.)Those)surfaces)include)a)wide)range)

of)materials)such)as)ion8exchange)resins,)polymers,)hydrogels,)functionalized)

monolayers,)biological)tissues)and)metal)oxides.)The)near8surface)aqueous)zones)exhibit)

a)number)of)unique)properties,)the)most)notable)being)that)suspended)particles)(e.g.)

mono8disperse)colloids))are)excluded)from)the)surface)to)distances)of)several)hundred)

micrometers;)thus,)these)particle8free)zones)have)been)termed)exclusion)zones)(EZs).))

EZs)exhibit)a)variety)of)physical)properties)differing)from)those)of)‘bulk’)water.)They)

bear)negative)charge,)as)much)as)150)8)200)mV)near)the)nucleating)surface;)they)exhibit)

increased)dynamic)viscosity;)and)they)show)diminished)infrared)emissivity)and)retarded)

T2)relaxation)times)9.)These)properties)imply)that)the)water)within)exclusion)zones)may)

be)more)ordered)than)‘bulk’)water.))

)

Nuclear)magnetic)resonance)(NMR))spectroscopy)is)a)well8established)technique)for)

determining)the)chemical)structure)and)environment)in)aqueous)systems)10.))NMR)

chemical)shift,)relaxation,)and)self8diffusion)measurements)have)proved)especially)

successful)for)probing)interfacial)water)structure)and)dynamics)near)various)biological)

and)polymeric)surfaces)11813.)In)the)present)study,)high8resolution)NMR)spectroscopy)

was)employed)to)measure)chemical)shift,)spin8lattice)(T1))relaxation)and)self8diffusion)

coefficient)of)interfacial)water)in)order)to)obtain)a)more)detailed)physical)picture)of)

molecular)environment)within)the)exclusion)zone.)
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3.3( Methods(and(Materials(

(

3.3.1( General(

For)all)experiments,)deionized)water)(type)I)HPLC)grade)(18.2)MΩ8cm)))was)collected)

from)a)Barnstead)D3750)Nanopure)Diamond)purification)system.)A)5%)D2O/H2O)(v/v))

solution)was)used)in)all)experiments,)and)was)prepared)by)diluting)99.9%)deuterium)

oxide)(Cambridge)Isotopes)DLM848100))with)deionized)water.)

)

Two)types)of)polymer)beads)were)used)as)EZ8nucleating)surfaces.)One)was)analytical8

grade)cationic)ion8exchange)resin,)1808425)µm)diameter,)in)H8form)(AG)50W8X8,)Bio8

Rad,)CA))with)cross8linking)of)8%)divinylbenzene)(DVB).)The)other)was)Nafion,)a)

sulfonated)tetrafluoroethylene)based)fluoropolymer,)with)dimensions)on)the)order)of)

3008500)µm)in)H8form)(495786,)Sigma8Aldrich,)MO).)Both)types)of)polymer)have)

abundant)sulfonic)acid)sites,)providing)highly)hydrophilic)environments.)

)

Beads)were)first)hydrated)in)experimental)solvent)for)one)hour)to)ensure)sufficient)level)

of)hydration.)Once)hydrated,)the)beads)were)placed)in)a)standard)5)mm)OD)NMR)tube)

(WG8124187,)Wilmad)Glass,)NJ))and)left)to)settle)in)100)mL)of)5%)D2O/H2O)(v/v).)For)

both)types)of)bead)systems,)the)final)height)of)tightly)packed)beads)was)3)cm)as)

measured)from)the)bottom)of)the)tube.))
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3.3.2( NMR(spectroscopy((

)

The)1H)NMR)spectra)were)recorded)on)a)750)MHz)Bruker)AVANCE)II)NMR)spectrometer)

equipped)with)a)1H){C,N})high8resolution)triple)resonance)probe)with)Z8gradient.)A)

spectroscopic)standard)sample)of)1%)sucrose)in)10%)H2O/D2O)(v/v))solvent)mixture)

was)used)to)shim)the)magnet)to)optimal)B0)field)homogeneity)prior)to)recording)the)

spectra)from)the)resin)beads)and)Nafion)beads.)Raw)data)were)collected)with)8K)time8

domain)points)with)a)spectral)width)of)10)ppm)centered)at)5.0)ppm,)recycle)delay)of)1)s,)

and)acquisition)time)of)0.55)s.)These)were)then)Fourier)transformed)without)zero)filling.))

)

Proper)referencing)of)spectra)was)ensured)by)adding)a)trace)quantity)of)DSS)(4,48

dimethyl848silapentane818sulfonic)acid))as)external)reference)for)one)sample)and)the)

ensuing)spectrum)reference)frequency)was)used)for)calibrating)the)0)ppm)in)subsequent)

sample)preparations.))Five)identical)NMR)sample)tubes)were)prepared)for)repeating)the)

measurements)and)establishing)consistency)of)the)results.)The)sample)temperature)was)

set)to)298)K)+/8)0.1)K)and)the)accuracy)of)this)value)at)the)sample)was)confirmed)by)

measuring)the)chemical)shift)difference)of)the)doublet)of)neat)methanol)and)cross)

checking)against)published)values.)))

)

3.3.3( SpinFecho((T1)(Relaxation(Measurements(
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)

Spin8lattice)(T1))relaxation)of)water)in)the)polymer/water)system)was)measured)using)

inversion8recovery)(π)8)!!)8)π/2))pulse)sequence.)Longitudinal)magnetization)was)

collected)with)10)time)delays)varying)from)1)ms)to)25)s.)A)standard)inversion)recovery)

curve)with)three)unknowns)was)fitted)to)the)integrated)volume)of)each)resonance)as)a)

function)of)the)delay.))When)a)single)T18component)fit)exhibited)a)substantial)number)

of)outliers)leading)to)poor)chi8square)statistics,)a)two8component)fit)was)employed,)

leading)to)excellent)fits)with)no)outliers)from)the)recorded)set)of)data)points.)))

)

3.3.4( SelfFdiffusion(Coefficient(Measurements(

Self8diffusion)measurements)of)the)two)chemical)shifts)of)water)in)polymer/water)

system)were)carried)out)using)the)stimulated)spin8echo)pulse)sequence) !
! − !!(!)−

!
! − !∆−

!
! − !(!) .)The)attenuation)in)spin8echo)amplitude)was)recorded)as)a)function)

of)increasing)gradient)strength,)g.))In)an)isotropic)system,)where)diffusion)is)unrestricted,)

the)echo)attenuation)is)given)by)the)Stejskal8Tanner)equation:)

))
!(!,!,∆) = !"#! −!!!!!!! Δ− !3 )

)

Here)!)is)the)gyromagnetic)ratio,)!!and!!)are)duration)and)amplitude)of)the)magnetic8

field)gradient,)respectively,)Δ)is)the)duration)for)phase)encoding)the)diffusing)

magnetization,)and)D)is)the)bulk)self8diffusion)coefficient)of)the)solvent.))D)was)
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computed)from)the)slope)obtained)by)fitting)eq.)(1))as)a)function)g2)to)the)echo)

amplitude)decay.)Prior)to)making)measurements)with)the)bead)systems,)the)bulk)self8

diffusion)coefficient)of)deionized)water)was)measured)at)298)K)and)confirmed)to)agree)

with)literature)values.)))))

)

3.4( Results()

)

Figure(3.1)A)fully)relaxed)1D81H)NMR)spectra)of)cationic)resin/water)system.)Two)water)

proton)resonances)are)observed)at)6.0)ppm)and)4.63)ppm)each)corresponding)to)

‘internal’)and)‘interstitial’)water)respectively.)

)
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Figure)3.1)is)a)representative)1H)NMR)spectrum)of)cationic)resin/water)system)at)298°)K)

in)thermal)equilibrium.))Two)water8proton)resonances)are)evident,)at)4.63)ppm)and)

6.00)ppm,)indicating)two)distinct)and)magnetically)unique)water)species)as)observed)

within)the)NMR)timescale.)The)standard)chemical)shift)value)of)1H)resonance)at)298)K)

for)the)HOD)peak)in)an)H2O:)D2O)mixture)is)4.8)ppm)[14].)))Since)the)frequency)axis)was)

referenced)to)an)external)standard,)i.e.)DSS,)it)is)reasonable)to)identify)the)up8field)

resonance)at)4.6)ppm)as)that)of)less)restricted)water)in)the)interstitial)region)between)

the)beads.)The)down8field)shift)to)the)resonance)at)6.00)ppm)is)indicative)of)a)more)

‘deshielded’)environment)of)the)water,)and)therefore)corresponds)to)highly)restricted)

water)layers)adsorbed)onto)polymer)surface)inside)and)around)the)resin.)Integrating)a)

fully)relaxed)1H)spectrum)shown)in)Fig.)1)yielded)1:)1)ratio)of)area)under)the)peaks)

corresponding)to)internal)water)and)the)interstitial)water)respectively.)FWHM)line)

widths)of)the)downfield8shifted)peak)are)approximately)80%)of)the)peak)for)interstitial)

water)at)4.63)ppm.)
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)

Figure(3.2)A)fully)relaxed)1D81H)NMR)spectra)of)Nafion)bead/water)system.)Two)water)

proton)resonances)are)observed)at)5.35)ppm)and)4.61)ppm)each)corresponding)to)

‘internal’)and)‘interstitial’)water)respectively.)

)

Figure)3.2)shows)a)representative)1)H)NMR)spectrum)of)Nafion)bead/water)system)at)

298°)K)in)thermal)equilibrium.))As)in)the)cationic)resin/water)system,)two)chemical)shifts)

of)water)protons)are)observed.)The)up8field)resonance)at)4.61)ppm)is)assigned)as)

interstitial)water)lying)between)the)Nafion)beads,)while)the)down8field)resonance)at)

5.35)is)assigned)to)adsorbed)water)inside)and)around)Nafion)beads.)The)integrated)area)
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under)each)resonance)peak)shows)an)intensity)ratio)of)7)to)3,)interstitial)to)internal)

water)respectively.)FWHM)line)widths)of)the)two)resonances)are)roughly)the)same.)

To)further)characterize)the)observed)water)species)in)each)system,)longitudinal)

relaxation)(T1))and)self8diffusion)coefficients)were)measured)for)the)respective)chemical)

shifts.)Five)samples)were)used)for)T1)relaxation)and)self8diffusion)measurements)to)

verify)the)robustness)and)consistency)of)the)results.)))

)

T1)relaxation)and)diffusion)coefficients)of)the)two)water)proton)resonances)in)cationic)

resin/water)system)are)shown)Table)3.1.))T1)relaxation)for)interstitial)water)identified)by)

the)peak)at)4.63)ppm)was)measured)to)be)1.82)s,)which)is)significantly)shorter)than)T1)

relaxation)time)of)‘bulk’)water)at)298K)[15].)The)corresponding)self8diffusion)coefficient)

of)interstitial)water,)14.91E810)m2/s,)was)measured)to)be)about)60%)of)the)known)

diffusion)coefficient)of)‘bulk’)water)at)298K,)namely,)23.00E810)m2/s)[16].))

Table(3.1)Longitudinal)relaxation)(T1))times)and)self8diffusion)coefficients)of)water)

species)in)cationic)exchange)bead/water)system.)

!!"#)(ppm)) 6.00) 4.63)

T1)(s))

Component)1) Component)2) )

1.82)0.532) 1.511)
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DHOD)(1E810)m2/s)) 6.47) 14.91)

)

Corresponding)results)for)the)Nafion)resin/water)system)are)shown)in)Table)3.2.)T1)

relaxation)of)up8field)peak)at)4.61)ppm)corresponding)to)‘interstitial’)water)was)1.34)s)at)

298K,)indicating)faster)longitudinal)relaxation)than)bulk)water)as)in)the)case)of)cationic)

resin/water)system.)The)diffusion)coefficient)of)‘interstitial’)water)in)Nafion)resin/water)

system)was)determined)to)be)16.91E810)m2/s,)about)25)%)smaller)than)that)of)‘bulk’)

water.)In)order)to)rule)out)radiation))damping)as)the)cause)of)the)observed)shorter)T1)

values,)the)same)measurements)were)made)with)300,)and)500)MHz)spectrometers)and)

relaxation)times)on)the)same)order)of)magnitude)was)confirmed.))

)

Table(3.2)Longitudinal)relaxation)(T1))times)and)self8diffusion)coefficients)of)water)

species)in)Nafion)bead/water)system.)

!!"#)(ppm)) 5.35) 4.61)

T1)(s))

Component)1) Component)2) )

1.34)0.190) 2.053)

DHOD)(1E810)m2/s)) 5.39) 16.91)

)

)



! 60!

In)both)systems,)the)T1)curve8fitting)procedure)for)the)down8field)water)peak)yielded)

rather)poor)results)if)only)a)single)exponential)recovery)curve)was)employed,)indicating)

that)a)single)T1)component)cannot)explain)the)data)accurately.)In)contrast,)when)a)two8

component)fit)was)used,)the)same)set)of)experimental)data)gave)excellent)fit)statistics)

without)the)necessity)to)remove)even)a)single)data)point.)This)indicates)that)there)are)

two)distinct)relaxation)times.)Thus,)both)tables)show)a)faster)and)a)slower)T1)

component)for)the)down8field)peaks,)which)correspond)to)highly8restricted)water)

adsorbed)on)the)hydrophilic)sulfonate8group)sites)within)the)polymer)matrix.)

)

The)self8diffusion)coefficient)of)water)inside)the)cationic)resin)matrix)at)298K)was)6.47E8

10)m2/s.)The)self8diffusion)coefficient)of)water)inside)Nafion)resin)matrix)at)298K)was)

slightly)smaller,)albeit)on)the)same)order)of)magnitude,)5.39)E810)m2/s.))The)fact)that)

both)D)values)of)‘internal’)water)were)significantly)lower)than)that)of)bulk)water)is)self8

consistent)with)the)observed)shorter)T1)values)compared)to)that)of)bulk.)At)room)

temperature,)T1)relaxation)is)mainly)mediated)by)translational)and)rotational)diffusion)

in)a)solution,)and)the)relaxation)efficiency)is)inversely)proportional)to)the)rate)of)

diffusion.))The)shorter)diffusion)constants)of)both)‘internal’’)and)‘interstitial’)waters)are)

indicative)of)restricted)environments)that)the)water)molecules)experience.)

Fundamental)NMR)relaxation)theory)of)liquids)indeed)stipulates)that)the)T1)relaxation)

times)are)correspondingly)shorter)than)that)of)water)in)‘bulk’)in)slow8diffusing)

environments.))
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3.5( Discussion(

The)most)notable)finding)in)this)study)is)that)there)is)no)‘bulk’)water)present)in)both)

bead)suspensions,)as)indicated)by)T1)relaxation)and)self8diffusion)measurements.)The)

adsorbed)water)in)and)around)both)Nafion)and)ion8exchange)beads)is)shown)to)be)

anisotropic)due)to)confined)geometry)within)polymer)matrix)17819,)and)therefore)it)is)

expected)that)‘internal’)water)has)much)slower)self8diffusion)and)shorter)T1)relaxation)

than)‘bulk’,)indicating)highly)restricted)molecular)environment.))

)

Interestingly,)our)experimental)data)show)that)the)‘interstitial’)water)as)well)has)notably)

shorter)T1)relaxation)and)smaller)self8diffusion)coefficient)than)‘bulk’)water.)This)was)

true)in)both)experimental)systems.)In)the)case)of)the)cationic)resin)system,)maximal)

packing)of)180)µm)diameter)spherical)beads)in)face)center)cubic)lattice8like)

arrangement)would)leave)the)interstitial)region)to)be)on)the)order)of)tens)of)

micrometers)in)size.)Assuming)that)the)packing)was)not)ideal)and)taking)into)account)

the)variability)in)ion8exchange)resin)size,)one)can)expect)even)larger)dimensions)of)

interstitial)water)region.)For)the)Nafion)system,)this)interstitial)region)is)expected)to)be)

even)larger)due)to)the)beads’)irregular)shape)and)larger)dimensions,)and)this)is)

demonstrated)by)larger)‘interstitial’)to)‘internal’)water)peak)area)ratio)shown)in)Figure)

3.2)vs.)Figure)3.3.)

)
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While)such)extensive)effects)of)the)surface)on)nearby)water)dynamics)may)seem)

counter8intuitive,)previously)observed)characteristics)of)the)EZ)near)hydrophilic)surfaces)

indicates)that)nearby)water)can)take)on)a)more)stable)form)out)to)distances)of)tens)of)

micrometers)9.)Further,)convergence)of)EZs)extending)from)two)neighboring)nucleating)

surfaces)within)100)µm,)as)in)this)case,)have)been)observed)20.)It)is)then)reasonable)to)

assume)the)‘interstitial’)water)in)both)systems)to)be)composed)of)mostly)EZ)water,)and)

thus,)the)restricted)water)dynamics)within)the)‘interstitial’)region)observed)here)

complements)other)known)EZ)characteristics.)

)

T1)relaxation)time)and)the)self8diffusion)coefficient)of)solutions)can)be)profoundly)

affected)by)the)solute)that)is)dispersed)in)the)medium,)and)the)presence)of)trace)

impurities)could)in)theory)account)for)observed)changes)in)T1)relaxation)and)diffusion)

coefficient)of)water.)However,)the)1H)chemical)shift)spectrum)of)a)given)compound)is)a)

robust)fingerprint)of)what)is)present)in)a)solution.)One)may)then)state)with)reasonable)

certainty)that)there)are)no)impurities)of)unknown)origin)in)our)experimental)system,)

evidenced)by)the)absence)of)any)anomalous)peaks)present)other)than)water)proton)

peaks.)

)

Invoking)impurities)as)cause)of)change)in)water)dynamics)also)lacks)theoretical)rationale.))

No)well8established)theory)of)chemical)shifts)in)solution)NMR)can)account)for)the)

observed)‘multiple)resonance’)spectra)of)water)found)in)two)distinct)sample)
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preparations)studied)here,)as)due)to)the)effect)of)‘trace)impurities’)of)unknown)origin.)

Indeed,)to)our)knowledge,)there)are)no)aqueous)NMR)spectra)that)exhibit)anything)

other)than)a)single)‘bulk’)water)NMR)peak)in)and)around)4.8)ppm)at)298)K.))This)is)true,)

independent)of)the)kind)of)solute)that)is)dissolved)in)water,)ranging)from)small)organic)

molecules)to)large)biomolecules)such)as)proteins)or)nucleic)acids.)))

)

The)only)reports)found)in)literature)that)had)recorded)such)multiple)resonances)of)

water)are)associated)with)biological)tissues)or)polymer)systems)that)are)quite)similar)to)

the)ion)exchange)resins)or)Nafion)that)were)used)in)this)study)21823.)These)studies,)

however,)did)not)address)the)dynamics)of)water)lying)outside)the)polymers)or)tissues.)

)

Thus,)the)unique)dynamic)properties)of)water)presented)in)this)study)are)evidently)not)

due)to)the)presence)of)impurities,)but)rather)caused)by)presence)of)hydrophilic)surfaces.)

While)chemical)shift)provides)unique)structural)identification)of)a)molecule,)it)does)not)

report)the)possible)existence)of)intermolecular)interactions)and)the)resulting)long8range)

ordering)of)a)solution)system.)In)contrast,)T1)relaxation)and)self8diffusion)

measurements)do)provide)this)crucial)information,)as)shown)here.)In)fact,)although)the)

chemical)shift)of)EZ)water)is)quite)similar)to)that)of)bulk8water,)albeit)the)small)

difference)of)0.2)ppm,)the)T1)and)D)values)turn)out)to)be)clear)identifiers)of)the)more)

restricted)and)long8range)coupled)nature)of)EZ)water.))
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Hence,)the)most)interesting)implications)of)this)study)may)be)that)in)the)presence)of)

Nafion,)resin)beads,)or)other)hydrophilic)surfaces,)water)is)readily)organizing)and)

changing)its)otherwise)‘bulk’)dynamic)properties)extensively.))The)results)of)this)study)

therefore)underscore)the)organizational)and)dynamic)complexity)of)water)juxtaposed)

next)to)certain)classes)of)surface.))

) )
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Chapter(4.(Thermodynamic(Studies(of(Interfacial(Water(and(the(

Role(of(Hydrophilicity(

(

4.1( Abstract(

(

Understanding(interfacial(dynamics(is(crucial(in(broad(natural(and(industrial(processes.((

In(order(to(study(energetics(of(interfacial(water,(forwardClooking(infrared((FLIR)(

camera(was(used(to(image(freezing(induced(latent(heat(release(from(interfacial(water.((

Image(analysis(revealed(that(water(next(to(Nafion(showed(significantly(lowered(

magnitude(of(latent(heat(release(in(distance(dependent(manner.(The(magnitude(of(

latent(heat(release(was(the(smallest(right(next(to(the(surface(and(increased(out(to(

about(300(μm(from(the(surface,(from(which(point(on(the(magnitude(stayed(the(same.(

Unlike(the(water(near(Nafion,(water(next(to(its(hydrophobic(counterpart,(Teflon,(did(

not(show(any(distance(dependence(on(latent(heat(release.(Hence,(the(presence(of(

hydrophilic(surface(lowers(the(magnitude(of(latent(heat(of(nearby(water.(The(results(

in(turn(indicate(that(the(kinetic(energy(of(water(is(lowered(in(the(vicinity(of(

hydrophilic(surfaces.(

( (
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4.2( Introduction(

(

Water&is&omnipresent&throughout&our&planet&and&influences&us&all&throughout&our&daily&

lives.&Hence,&understanding&the&properties&of&water&in&different&environments&is&crucial&

for&ascertaining&a&fundamental&understanding&of&nature.&Despite&such&widely&accepted&

central&role&of&water&within&our&natural&systems,&liquid&water&still&remains&a&scientific&

challenge,&as&its&properties&differ&vastly&from&those&of&other&simple&liquids&1.&Specifically,&

water&near&surfaces&portrays&unusual&behaviors,&and&acts&as&though&it&is&an&entirely&

different&phase&of&water&from&liquid&2,3.&&

&

It&is&generally&believed&that&water&near&surfaces&has&distinct&properties.&On&the&

theoretical&front,&such&behavior&derives&largely&on&the&DLVO&theory,&which&combines&van&

der&Waals&attraction&force&and&electrostatic&repulsion&force&due&to&electrical&double&

layer&4.&As&a&consequence&of&the&theory,&the&electrical&double&layer&zone&of&water&next&to&

charged&surfaces&is&believed&to&extend&out&to&a&few&molecular&layers&of&water,&and&no&

significant&changes&to&that&idea&have&been&made&for&the&past&half&a&century.&

&

On&the&contrary,&more&recent&studies&have&shown&that&water&near&hydrophilic&surfaces&

has&markedly&different&properties&from&bulk&water,&and&such&surface&effects&can&extend&

out&extensively,&to&tens&and&hundreds&of&micrometers&5.&This&surface&zone&of&water,&
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termed&exclusion&zone&(EZ),&has&many&unique&properties.&It&excludes&wide&range&of&

solutes&and&particles;&it&has&decreased&diffusion&and&relaxation&times&of&water&protons;&it&

has&increased&viscosity&and&negative&electrical&potential,&among&others&
6,7
.&&

&

Of&these&features,&one&particularly&interesting&result&is&decreased&emission&of&infrared&

light&from&water&near&hydrophilic&surfaces.&While&lowered&infrared&emission&is&generally&

interpreted&to&mean&lower&temperature&according&to&Plank’s&law&of&blackbody&radiation,&

lowered&emissivity&of&water&provides&an&alternative&possibility.&One&plausible&

explanation&is&that&water&molecules&near&hydrophilic&surfaces&have&lower&kinetic&energy,&

and&hence&lower&emissivity&compared&with&bulk&water.&Such&interpretation&of&the&IR&

emission&data&also&complements&previously&observed&properties&of&surface&water,&which&

collectively&point&to&more&stable&state&of&water.&

&

Traditionally,&thermodynamic&studies&of&liquids&and&phase&transitions&are&explored&using&

differential&scanning&calorimeter&(DSC)&
8
.&In&such&experiments,&heat&is&either&added&or&

removed&from&the&liquid&to&bring&the&system&to&phase&transition,&and&the&resulting&heat&

upXtake&or&release&is&compared&with&another&liquid&of&wellXdefined&specific&heat,&such&as&

deionized&water.&While&DSC&has&been&tremendously&successful&in&describing&thermal&

properties&of&widely&varying&systems,&it&does&not&provide&any&spatially&resolved&

information.&On&the&other&hand,&with&recent&advancements&in&infrared&detector&
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technology,&infrared&thermography&has&been&offered&as&an&alternative.&Combining&with&

suitable&IR&optics,&IR&thermography&can&give&spatially&relevant&information&9.&&

&

In&this&study,&a&forwardXlooking&infrared&(FLIR)&camera&is&used&to&study&liquidXsolid&phase&

transition&of&water&near&surfaces&in&order&to&understand&spatially&resolved&energetics&of&

water.&From&observing&the&latent&heat&of&crystallization,&kinetic&energy&of&water&near&

surfaces&can&be&approximated&with&highXspatial&resolution.&Further,&we&study&the&effects&

of&surface&hydrophilicity&on&kinetics&of&nearby&water.&

&

4.3( Materials(and(Methods(

(

4.3.1( General(

(

For&all&experiments,&type&I&water&with&a&resistivity&of&18.2&MΩ&cmX1&was&collected&from&

Barnstead&Nanopure&water&purification&system&and&used&in&experiments.&Before&each&

experiment,&all&experimental&chambers&were&thoroughly&washed&in&type&I&water&to&

remove&impurities.&&

&

4.3.2( Chamber(and(freezing(system(
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(

The&experimental&chamber&was&made&from&transparent&acrylic&and&had&a&25Xmm&

threaded&cylindrical&hole&in&the&center&as&shown&in&Figure&4.1.&The&threaded&hole&housed,&

in&sequence&from&the&bottom&up:&an&aluminum&disk,&a&water&sample,&a&200&μm&thick&

Teflon&ring&spacer&and&an&IRXtransparent&CaF2&window&(both&from&Specac&Ltd,&Slough,&

Great&Britain),&and&a&threaded&compression&ring&to&bring&the&CaF2&window&tightly&to&the&

Teflon&spacer.&A&second&Teflon&ring&spacer&was&place&on&top&of&the&CaF2&window&in&order&

to&protect&the&window&from&being&damaged&by&the&top&metal&compression&screw.&

&
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Figure(4.1&Schematic&of&experimental&chamber&and&freezing&setXup&

&

The&5&mmXthick&cylindrical&disc&of&aluminum&lying&at&the&bottom&of&the&chamber&was&in&

direct&contact&with&the&cold&side&of&a&Peltier&device.&The&warm&side&of&the&Peltier&device,&

beneath,&contacted&a&metal&jacket&with&cold&(X&5&°C)&ethylene&glycol&circulating&through&a&

refrigerating&circulator&(VWR&International)&for&efficient&removal&of&heat.&&A&

thermocouple&was&placed&between&the&aluminum&bottom&and&the&Peltier&device&to&feed&

back&to&the&temperature&controller&(Omegaette&PV)&of&the&Peltier&device.&&&

&

In&order&to&determine&the&effects&of&hydrophilicity,&two&types&of&surfaces&were&used.&200&

μm&thick&Teflon&was&used&as&a&model&hydrophobic&surface,&while&Nafion&117&(Sigma&cat&#:&

31175X20X9)&was&used&as&a&hydrophilic&surface.&Nafion&was&chosen&as&hydrophilic&surface&

due&to&its&chemical&similarities&to&Teflon,&so&the&two&could&be&contrasted.&As&shown&in&

figure&4.2.&Nafion&contains&hydrophilic&sulfonic&acid&groups&attached&to&Teflon&backbone.&

Hydrated&thickness&of&the&Nafion&sheet&was&200&μm.&&We&set&the&target&temperature&to&X

20&°C.&

&
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&

Figure(4.2&Chemical&structure&of&Nafion.&The&red&circle&indicates&hydrophilic&sulfonate&

group;&the&rest&of&the&structure&is&the&same&as&Teflon&

&

4.3.3( ForwardClooking(Infrared(Imaging(and(Image(Processing(

(

The& infrared& radiation& emitted& from& freezing& of& surface& water& was& recorded& using& a&

forwardXlooking&infrared&(FLIR)&camera&located&directly&above&the&sample&chamber.&&The&

camera&used&was&a&ThermoVision&SCX6000&(FLIR&Systems),&equipped&with&InSb&detector&

with&spectral&range&of&3Xµm&to&5Xµm,&640&X&512&pixel&resolution,&and&50&mK&temperature&

sensitivity.& &To& resolve& the& interfacial& zone,&a&4X& infrared&microscope& lens& (W.D.&3&cm)&

was&attached&to&yield&XX&μm/pixel.&&The&camera&was&placed&above&the&interfacial&zone&of&

the& freezing&water,& looking& directly& downward& and& focused& on& the& top& surface& of& the&

water&as&it&cooled&naturally.&&&&

&
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The&software&used&for&visualization&of&the&data&was&ExaminIR&1.2.0.1076&(FLIR&Systems).&&

ExaminIR&generates&a&falseXcolor&image,&with&different&colors&or&shades&representing&the&

intensities& of& the& infrared& radiation& emitted& by& the& subject& and& received& by& the& InSb&

detector.& & In& order& to& ascertain& distanceXdependent& thermal& characteristics& of& water&

from&surface,&a&region&of&interest&(ROI)&was&drawn&as&lines&parallel&to&the&surface&at&100&

μm&intervals&from&the&surface.&The&radiance&value&of&each&pixel&was&then&averaged&over&

the&lineXlength&to&get&average&temperature&values.&

(

4.4( Results(

(

In&order&to&gain&further&insights&into&physical&properties&of&interfacial&water&and&the&

effects&of&hydrophilicity,&water&near&Nafion&and&Teflon&surfaces&were&cooled&down&to&

freezing&and&spatially&resolved&latent&heat&release&in&the&interfacial&zone&was&measured.&

Latent&heat&release&is&generally&accepted&to&be&a&consequence&of&firstXorder&water&phase&

transition&from&liquid&to&solid.&&The&energy&corresponding&to&the&difference&in&kinetic&

energies&of&the&two&states&is&released&as&heat.&&

&

When&water&was&rapidly&cooled&from&below,&the&freezing&of&water&was&signaled&by&

emission&of&infrared&light.&Figure&4.3&shows&sequential&pictures&of&water&freezing&near&

the&Nafion&surface.&As&shown&in&the&figure,&the&onset&of&IR&radiation&always&starts&at&
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NafionXwater&interface.&Another&intriguing&feature&is&that&the&propagation&of&infrared&

light&is&faster&parallel&to&the&surface&than&normal&to&the&surface.&This&was&especially&the&

case&within&~&200&μm&from&the&surface,&the&region&corresponding&to&extent&of&exclusion&

zone.&The&infrared&emission&from&water&within&Nafion&was&notably&weaker&than&that&

observed&next&to&the&surface,&indicating&smaller&kinetic&energy&of&water&inside&the&

Nafion&polymer.&&

&

Figure(4.3&Sequential&pictures&showing&the&initial&onset&of&infrared&emission&from&

freezing&interfacial&water&next&to&Nafion&with&100&ms&delay&between&the&frames.&The&

gray&strip&in&the&middle&is&Nafion.&Water&is&placed&to&the&right&of&the&Nafion&strip.&The&

gray&color&scale&on&the&right&of&the&figures&denotes&temperature,&calibrated&according&to&

blackbody&radiation&from&infrared&photon&count.&&

&
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&

Figure(4.4&An&image&showing&regions&of&interests&(ROIs)&near&Nafion&surface.&The&darker&

region&to&the&right&is&Nafion,&and&the&light&region&to&the&left&is&water&at&the&moment&of&IR&

emission.&The&green&line&along&the&surface&is&taken&as&the&NafionXwater&interface&and&

ROIs&are&drawn&at&100&μm&increments&from&the&interface.&The&pixel&values&along&the&line&

are&averaged&to&gain&timeXdependent&mean&temperature&from&freezing&induced&IR&

emission&near&the&Nafion&surface.&

&

In&order&to&study&spatially&resolved&latent&heat&release&and&therefore&kinetic&energy&of&

water,&regions&of&interest&(ROIs)&were&drawn&as&lines&at&100&μm&increments&from&the&

surface&as&shown&in&figure&4.4&and&the&average&value&across&the&line&ROI&was&computed&

as&a&time&series.&A&representative&result&is&shown&in&figure&4.5.&&Several&features&are&of&
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interest.&First,&if&infrared&emission&is&taken&to&be&an&initial&event&to&signal&liquidXwater&

phase&transition,&water&does&not&freeze&until&temperatures&descend&down&to&about&–&

13.6&°C.&This&is&contrary&to&widely&accepted&water&freezing&temperature&of&0&°C.&In&fact,&

water&froze&at&much&lower&temperatures&than&0&°C&in&all&experiments.&&

&

Looking&more&closely&into&figure&4.5&reveals&more&interesting&features.&Figure&4.6&is&a&

zoomedXin&version&of&figure&4.5,&showing&the&time&duration&of&infrared&emission.&There&is&

a&distance&dependence&of&latent&heat&release.&The&amplitude&of&latent&heat&release&is&

smallest&at&100&μm&away&from&the&surface.&Going&from&100&μm&to&200&μm,&the&

amplitude&increases&and&the&trend&continues&up&to&300X400&μm&away&from&the&surface,&

at&which&point&the&amplitude&stops&increasing.&Assuming&that&the&eventual&ice&formed&at&

different&distances&away&from&surface&has&the&same&kinetic&energy&throughout,&this&

indicates&that&the&kinetic&energy&of&water&is&the&smallest&closest&to&the&surface&and&

increases&with&increasing&distance&from&the&Nafion&surface.&Further,&the&dimension&of&

decreased&kinetic&energy&roughly&matches&the&size&of&EZ.&For&example,&the&EZ&has&

negative&electrical&potential&energy&and&this&is&the&biggest&right&near&the&surface.&That&

negative&potential&decreases&in&amplitude&over&the&dimension&of&EZ.&Hence,&there&is&a&

direct&correlation&linking&the&electrical&potential&gradient&to&gradient&of&kinetic&energy&

within&EZ;&water&with&the&most&negative&electrical&potential&has&the&lowest&kinetic&

energy.&This&result&complements&previous&studies&demonstrating&more&ordered&state&of&

water&next&to&the&Nafion&surface.&&
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&

In&addition&to&distanceXdependent&changes&in&amplitude&of&latent&heat,&the&rate&of&heat&

release&is&significantly&influenced&by&presence&of&the&Nafion&surface.&where&the&rate&of&

heat&release&is&approximated&by&given&slope&in&figure&4.&At&100&μm&away&from&the&

surface,&the&rate&of&temperature&jump&at&the&moment&of&freezing&is&much&slower&than&

farther&away&from&the&surface,&and&this&indicates&that&the&radiation&starts&and&ceases&at&

a&much&slower&rate.&At&200&μm&away&from&the&surface,&the&slope&is&still&less&than&longer&

distances.&&

&

The&last&point&of&interest&in&figure&4&is&the&dip&that&precedes&sudden&increase&in&

temperature.&Prior&to&the&infrared&emission,&water&is&largely&believed&to&be&still&in&liquid&

state&with&a&given&specific&heat.&Since&heat&is&removed&at&the&same&rate&throughout&the&

freezing&experiment,&change&in&slope&indicates&a&specific&heat&distinct&from&that&of&liquid&

water.&Hence&the&dip&prior&to&emission&of&infrared&may&indicate&that&water&goes&through&

a&more&subtle&phase&transition&before&freezing.&&

&

A&significant&feature&of&exclusion&zone&is&that&it&is&nucleated&at&hydrophilic&surfaces.&In&

order&to&confirm&that&the&diminished&latent&heat&release&in&the&vicinity&of&Nafion&is&not&

an&optical&artifact&due&to&presence&of&the&interface,&the&same&freezing&experiment&was&

carried&out&with&a&Teflon&surface&of&the&same&thickness.&Teflon&has&the&same&backbone&
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chemistry&as&Nafion,&but&does&not&have&the&hydrophilic&sulfonate&groups.&Hence,&Teflon&

was&chosen&as&a&control.&No&exclusion&zone&is&observed&next&to&hydrophobic&Teflon.&If&

the&distanceXdependent&changes&in&latent&heat&release&of&water&near&Nafion&is&

correlated&with&the&exclusion&zone,&such&effects&are&not&expected&near&Teflon&surfaces.&

&

(

Figure(4.5&&Representative&timeXcourse&plot&of&averaged&temperature&at&100&incremental&

distances&from&Nafion&surface.&

&
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(

Figure(4.6&ZoomedXin&plot&of&figure&3&showing&the&moment&of&latent&heat&release.&&

&

Figure&4.7&shows&the&time&course&of&latent&heat&release&next&to&the&Teflon&surface.&As&in&

the&case&of&Nafion,&line&ROIs&parallel&to&the&surface&were&chosen&at&100&μm&increments&

from&the&surface,&and&the&average&values&are&computed.&Compared&to&water&next&to&

Nafion,&water&next&to&Teflon&freezes&at&notably&higher&temperature,&~&X&7.9&°C&vs.&X

13.8&°C.&A&further&look&into&the&plot&also&reveals&that&there&is&no&notable&decline&in&

amplitude&of&latent&heat&as&we&go&from&100&μm&to&300&μm.&In&other&words,&there&is&no&

detectable&effect&of&the&Teflon&surface&on&nearby&water.&This&is&consistent&with&no&

observable&EZ&next&to&Teflon.&

&
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Another&feature&distinguishable&from&that&of&the&NafionXwater&interface&is&that&both&the&

amplitude&and&duration&of&latent&heat&release&from&TeflonXwater&interface&is&cut&in&half.&

As&in&the&case&of&Nafion,&water&near&Teflon&showed&a&dip&in&temperature&immediately&

before&the&onset&of&IR&emission.&However,&the&duration&and&amplitude&of&the&dip&were&

significantly&less&than&that&observed&from&water&next&to&Nafion.&Hence,&the&dip&may&

indicate&a&genuine&phase&of&water&associated&with&freezing&of&EZ.&&

&

&

Figure(4.7&Representative&timeXcourse&plot&of&averaged&temperature&at&100&incremental&

distances&from&Teflon&surface&

&
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4.5( Discussion(

(

This&study&was&carried&out&to&characterize&the&thermodynamic&properties&of&water&next&

to&the&Nafion&surface,&otherwise&known&as&exclusion&zone&(EZ).&The&water&next&to&Nafion&

was&cooled&down&to&freezing&temperatures,&and&the&resulting&infrared&emission&

associated&with&the&phase&transition&was&imaged&using&a&FLIR&camera.&Spatial&analysis&of&

the&IR&emission&data&shows&that&the&latent&heat&release&is&the&lowest&next&to&the&surface&

and&increases&in&amplitude&out&to&about&300X400&μm&from&the&surface.&This&indicates&

that&kinetic&energy&of&water&next&to&the&surface&is&relatively&smaller&than&that&farther&

away&from&the&surface.&

&

In&order&to&test&for&artifacts&and&further&understand&the&role&of&surface&hydrophilicity&on&

nearby&water&kinetics,&Teflon&surfaces&were&used&as&controls.&Unlike&next&to&Nafion,&

Teflon&showed&no&distance&dependent&changes&in&latent&heat&release.&Such&findings&

confirm&that&the&distance&dependent&changes&observed&within&EZ&was&a&not&an&optical&

artifact,&but&a&genuine&effect&of&hydrophilic&surface&on&water.&Seemingly,&Teflon&does&not&

have&extensive&effects&on&nearby&water&as&does&Nafion.&

&

Besides&the&dynamics&of&latent&heat&release,&an&interesting&change&in&specific&heat&of&

water&was&observed&immediately&before&the&onset&of&infrared&emission&for&both&Nafion&
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and&Teflon.&It&is&widely&believed&that&water&goes&through&the&firstXorder&phase&transition&

from&liquid&to&solid.&However,&the&observed&changes&in&slope&of&the&temperature&time&

course&may&indicate&that&water&goes&through&another&phase&before&crystallization.&It&has&

been&recently&hypothesized&that&water&goes&through&EZ&phase&prior&to&freezing&and&the&

region&of&dip&prior&to&initiation&of&crystallization&may&signal&existence&of&such&a&phase.&

This&hypothesis&is&further&supported&by&observing&the&270&nm&UV&absorption&peak&of&

freshly&thawed&water.&Since&270&nm&UV&absorption&peak&is&a&signature&of&EZ,&the&dip&

region&may&correspond&to&the&EZ.&&

&

The&most&notable&conclusion&of&present&study&is&that&there&are&extensive&effects&of&

hydrophilic&surfaces&on&thermodynamic&properties&of&nearby&water.&The&freezingX

induced&latent&heat&release&is&the&smallest&closest&to&the&surface,&and&increases&in&

amplitude&up&to&about&300&μm&from&the&surface,&at&which&point&the&increase&stops.&In&

other&words&there&is&a&gradient&of&kinetic&energy&with&the&EZ,&similar&to&negative&

potential&gradient.&The&most&negative&region&of&EZ&correlates&with&the&lowest&kinetic&

energy.&The&less&negative&potential&farther&away&from&the&surface&can&also&be&correlated&

with&increasing&kinetic&energy&with&distance&from&the&surface.&This&conclusion&is&further&

supported&by&the&absence&of&such&gradient&of&kinetic&energy&next&to&Teflon.&Next&to&

Teflon&surfaces,&there&is&no&visible&EZ&and&no&electrical&potential.&

& &
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Chapter!5.!Dynamics!of!Cellular!Water!and!changes!associated!

with!muscle!development!

!

5.1!Abstract!

!

The$nature$of$water$inside$biological$systems$has$been$a$topic$of$broad$debate,$for$

water$is$thought$to$be$critical$for$biological$activity.$Earlier$studies$on$muscle$water$

demonstrated$there$exists$at$least$two$different$types$of$water$inside$muscle,$indicated$

by$multi<component$T1$and$diffusion$coefficient$present$inside$intact$muscle$tissue.$

However,$no$agreed$interpretations$of$these$results$have$been$offered$to$date.$The$

interpretation$of$multiple$water$components$in$muscle$has$been$criticized,$partly$due$to$

several$other$non<muscle$components$present$inside$intact$muscle$and$difficulty$in$

correlating$the$distinct$water$populations$to$corresponding$biophysical$models.$In$an$

effort$to$simplify$the$problem$to$water$within$just$muscle$cells$instead$of$whole$muscle$

tissue,$well<studied$in<vitro$model$of$C2C12$mouse$myoblast$cells$were$used$in$this$

study$in$conjunction$with$NMR$spectroscopy.$Chemical$environment$and$dynamics$of$

water$within$skeletal$muscle$and$their$correlations$with$skeletal$muscle$differentiation$

are$studied$in$order$to$understand$the$long<term$role$of$water$in$muscle$development.$

The$muscle$water$showed$mostly$two$distinct$chemical$shifts$over$the$course$of$skeletal$

differentiation$and$over$broad$temperature$range.$Of$these,$the$down<field$peak$was$

identified$as$cell$water,$while$the$up<field$peak$was$identified$as$the$water$in<between$
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the$cells.$The$changes$in$dynamics$of$water$during$myogenisis$was$signaled$by$increase$

in$T1$relaxations$times$and$lower$activation$energy$of$cellular$water.$Intriguingly,$larger$

degree$of$changes$were$seen$with$formation$of$myofibril$network$during$later$part$of$

development,$from$day$3$to$8$of$differentiation,$rather$then$the$earlier$membrane$

fusion$process,$from$day$0$to$3.$$$

$ $
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5.2!Introduction!

!

Water$is$ubiquitous$in$biological$systems$and$makes$up$~65%$of$one’s$body$weight.$

Despite$its$abundance,$the$properties$of$water$inside$biological$systems$and$their$

general$functional$roles$in$sustaining$life$remain$incompletely$understood$1.$One$

possible$reason$for$the$difficulty$in$understanding$of$biological$water$may$be$the$cell’s$

crowded$molecular$environment.$Cells$are$crowded$with$biomolecules,$thus$providing$

high$surface$area<to<volume$ratio.$In$such$an$environment,$most$of$water$is$confined$

and$interfacial,$and$thus$may$have$distinct$physico<chemical$properties.$

$

Notable$earlier$studies$on$biological$water$employed$nuclear$magnetic$resonance$

(NMR)$spectroscopy$to$investigate$dynamics$of$water$inside$skeletal$muscle$systems.$

These$studies$demonstrated$at$least$two$different$types$of$water$inside$intact$skeletal$

muscle,$determined$by$two$or$more$distinct$chemical$shifts$of$water$protons$within$

muscle$tissue.$$Further,$these$water$species$found$in$muscle$exhibited$significantly$

lowered$self<diffusion$coefficients,$T1$and$T2$relaxation$times$2.$

$

The$results$initially$caused$broad$excitement$as$they$seemingly$supported$long<held$

views$on$biological$water$being$a$unique$phase$3<5.$However,$partly$due$to$rapid$

development$of$molecular$biology,$the$focus$of$muscle$biology$turned$to$studies$of$

molecules$almost$exclusively,$without$much$emphasis$on$muscle$water.$$

$
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Though$not$widely$known,$a$careful$calculations$have$been$made$using$a$standard$fluid$

dynamics$model$and$only$about$30%$reduction$in$diffusion$of$water$could$be$accounted$

for$by$geometrical$constraint$of$macromolecules$in$striated$muscle$6.$The$lowered$NMR$

diffusion$of$water$within$biological$systems$are$now$widely$accepted$to$be$strictly$a$

consequence$of$geometrical$constraints$rather$than$inherent$changes$in$properties$of$

water$itself.$Hence$the$term$‘apparent$diffusion$coefficient$(ADC)’$is$used$to$describe$

NMR$diffusion$of$water$in$biological$systems$7.$$

$

The$topic$of$biological$water$was$recently$rekindled$as$evidence$has$shown$that$surfaces$

can$have$extensive$effects$on$nearby$water.$Water$near$surfaces$has$orders$of$

magnitude$higher$viscosity,$lowered$NMR$T1$relaxation$time$and$diffusion$coefficient,$

negative$electrical$potential$and$anomalous$270$nm$absorption$8.$$Biological$systems$are$

rich$with$surfaces.$Surface$induced$changes$in$water$are$necessary$components$to$take$

into$account$in$better$understanding$biological$water.$$

$

To$better$study$the$nature$of$biological$water$and$its$role$in$development$of$skeletal$

muscle,$we$used$a$standard$C2C12$mouse$myoblast$model$to$study$changes$in$kinetics$

of$muscle$water$during$skeletal$muscle$differentiation$9.$The$C2C12$model$was$chosen$

as$it$provides$robust$system$to$study$skeletal$muscle$differentiation.$In$addition,$the$use$

of$well<controllable$in<vitro$system$of$living$muscle$cells$alone$can$simplify$the$

interpretation$of$data,$which$was$complicated$in$early$NMR$studies$of$muscle,$due$to$
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presence$of$other$cell$types$In$this$study$1H$NMR$spectroscopy$is$employed$to$study$

myoblast$differentiation$into$myotubes$throughout$the$course$of$development.$

$

5.3!Materials!and!Methods!

$

5.3.1!General!

!

For$all$experiments,$deionized$water$(type$I$HPLC$grade$(18.2$MΩ<cm))$was$collected$

from$a$Barnstead$D3750$Nanopure$Diamond$purification$system.$$

$

5.3.2!C2C12!Myoblast!Culture!

!

The$C2C12$cell$line$was$purchased$from$ATCC$(#$CRL$1772).$The$cells$were$first$thawed$

slowly$and$washed$in$DMEM$solution$(Life$Sciences$inc.$#$11960)$containing$10$%$fetal$

bovine$serum$(FBS).$Following$the$wash,$cells$were$resuspended$in$the$growth$medium$

composed$of$DMEM,$10%$FBS$and$2%$Penicillin$Streptomycin$(Life$Sciences$inc.$

#15140148),$and$seeded$onto$a$cell$culture$petri$dish$at$concentration$of$10$million$cells$

per$1$cm2.$After$seeding$the$cells,$the$C2C12$cells$rapidly$proliferated,$reaching$

confluency$of$~80%$within$3$days.$$

$
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When$C2C12$reached$~80%$confluency,$growth$media$was$replaced$with$differentiation$

media$composed$of$DMEM,$2%$horse$serum$and$2%$Penicillin$Streptomycin$to$initiate$

differentiation$of$the$myoblast$cells$into$myotubes.$$

$

5.3.3!Preparation!of!NMR!experimental!samples!

!

In$order$to$investigate$the$water$dynamics$as$a$function$of$developmental$stage,$the$

C2C12$cells$were$collected$on$day$0,$3$and$7$from$initiation$of$differentiation.$Briefly,$

cells$were$suspended$in$5$mL$of$0.05%$trypsin<EDTA$(Life$Sciences,$inc.$#$25300062)$for$

5$minutes$at$37$$°C.$After$the$cells$were$detached$from$the$bottom$surface$of$the$petri$

dish,$5$mL$of$DMEM$containing$10%$FBS$was$added$to$stop$the$breakage$of$cellular$

proteins.$The$resulting$cell$suspension$was$then$centrifuged$at$1500$rpm$for$5$minutes$

to$yield$the$pallet$of$cells$at$the$bottom,$and$the$supernatant$was$vacuumed$out$leaving$

just$the$cell$pallet.$The$cell$pallet$was$then$re<suspended$in$PBS$and$washed$twice$more.$

The$final$cell$suspension$was$then$added$to$Shigimi$NMR$tube$(Shigimi,$inc.$#BMS<005).$

The$NMR$tube$was$then$centrifuged$at$1500$rpm$for$5$minutes$leaving$a$packed$cell$

pallet$at$the$bottom$of$the$NMR$tube.$After$the$supernatant$was$vacuumed$out,$the$

shigimi$plug$was$inserted$and$the$tube$was$placed$inside$NMR$magnet$at$37$°C.$

$

5.3.4!NMR!Spectroscopy!

!
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The$1H$NMR$spectra$were$recorded$on$a$499$MHz$Bruker$AVANCE$II$NMR$spectrometer$

equipped$with$a$1H${C,N}$high<resolution$triple$resonance$probe$with$Z<gradient.$Prior$

to$recording$of$cells,$a$spectroscopic$standard$sample$of$1%$sucrose$in$10%$H2O/D2O$

(v/v)$mixture$was$used$to$effectively$shim$the$magnet$to$optimal$B0$field$homogeneity.$

Raw$data$were$collected$with$8K$time<domain$points$with$a$spectral$width$of$10$ppm$

centered$at$5.0$ppm,$recycle$delay$of$1$s,$and$acquisition$time$of$0.55$s.$These$were$

then$Fourier$transformed$without$zero$filling.$$

$

A$trace$quantity$of$DSS$(4,4<dimethyl<4<silapentane<1<sulfonic$acid)$as$external$

reference$was$added$to$one$of$the$samples,$and$0$ppm$calibration$was$done$by$

adjusting$the$reference$spectra$in$subsequent$experiments.$$Three$biological$replicates$

were$used$for$measurements$in$order$to$establish$consistency$of$the$results$with$

statistical$significance.$The$sample$temperature$was$initially$set$to$298$K$+/<$0.1$K$and$

the$accuracy$of$the$temperature$at$the$sample$was$confirmed$by$measuring$the$

chemical$shift$separation$of$the$doublet$obtained$from$neat$methanol.$The$chemical$

shift$difference$was$then$cross<correlated$with$published$values$to$confirm$the$absolute$

temperature.$$$

$

Spin<lattice$(T1)$relaxation$times$of$water$protons$in$live$muscle$cells$were$measured$

with$standard$inversion<recovery$pulse$sequence$(π$<$!!$<$π/2).$Longitudinal$

magnetization$was$collected$with$10$varying$time$delays$from$1$ms$to$25$s.$A$standard$

inversion$recovery$curve$was$fitted$to$the$integrated$volume$of$each$resonance$as$a$
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function$of$the$delay$and$a$single$T1<component$fit$resulted$in$excellent$chi<square$

statistics.$The$recorded$data$had$no$outliers$from$the$fit.$

$

5.3.5!Temperature!Dependence!of!Cell!Water!Diffusion!Coefficients!and!Kinetics!

Studies!

!

In$order$to$measure$temperature$dependence$of$spin<lattice$relaxation$(T1)$times$and$

self<diffusion$coefficients,$both$quantities$were$measured$at$5$different$temperatures$

starting$with$the$lowest:$290,$295,$300,$305$and$310$K.$Each$temperature$was$set$with$<$

5$mK$accuracy.$

$

5.4!Results!

!

In$order$to$investigate$skeletal$muscle$differentiation$and$induced$changes$in$cell$water$

dynamics$and$kinetics,$C2C12$myoblast$cells$were$induced$to$differentiate$by$lowering$

the$serum$concentration$when$cells$were$~$90%$confluent.$Figure$5.1$shows$

micrographs$of$C2C12$cells$on$day$0,$3$and$8$of$differentiation.$As$shown$in$the$figure,$

none$of$the$cells$were$differentiated$on$day$0,$and$cells$don’t$show$any$directionality.$

On$day$3$of$differentiation,$majority$of$cells$have$already$started$differentiating$and$

morphing$together$to$form$myotubes.$The$myotube$lengths$varied$from$about$50$μm$

up$to$about$100$μm.$In$addition,$the$differentiated$myotubes$showed$much$more$

collective$directionality.$By$day$8$of$differentiation,$all$cells$were$fully$differentiated$and$
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the$myotube$length$reached$hundreds$of$micrometers,$indicating$mature$skeletal$

muscle$phenotype.$The$widths$of$myotubes$also$increased$from$day$3$to$reach$about$10$

μm.$

$

$

Figure!5.1$Micrographs$of$C2C12$cells$through$the$course$of$skeletal$differentiation.$The$

scale$bar$indicates$50$μm.$

$

In$order$to$determine$the$chemical$environment$of$muscle$water$at$each$stage$of$the$

skeletal$muscle$development,$live$cells$were$taken$from$petri$dish$and$pelleted$for$NMR$

experiments.$1D$experiments$were$first$performed$to$measure$chemical$shifts$of$muscle$

water$on$day$0,$3$and$8$of$differentiation.$Representative$fully$relaxed$1D$spectra$of$

muscle$cells$on$days$0,$3$and$8$at$295K$are$shown$in$figure$5.2.$$

$
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$

Figure!5.2$Fully$relaxed$1H$NMR$spectra$of$C2C12$cell$pallets$on$day$0$(blue),$day$3$(red)$

and$day$8$(green)$with$no$water$suppression$

$$

On$day$0,$shown$in$blue,$there$are$two$distinct$chemical$shifts$of$muscle$water.$The$

down<field$peak$at$4.87$ppm$represents$the$tightly<bound$component$of$cell$water$and$

represents$88.7%$of$total$water$content.$The$up<field$peak$at$4.76$ppm$is$interpreted$as$

the$more$‘bulk<like’$component$of$cell$water$and$composes$11.3%$of$cell$water.$The$two$

peaks$are$separated$by$54.21$Hz.$$

$

On$day$3$of$differentiation,$shown$in$red,$there$are$two$distinct$chemical$shifts$of$cell$

water,$similar$to$day$0$spectra.$However,$both$chemical$shifts$are$shifted$up<field$and$

this$indicates$more$shielded$environment$of$muscle$water$induced$by$differentiation$of$

skeletal$muscle.$The$down<field$peak$is$at$4.82$ppm$and$comprises$88.9%$of$cell$water.$
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The$up<field$peak$at$4.72$ppm$comprises$11.1$%$of$the$total$water$content.$The$

separation$of$the$two$peaks$has$decreased$from$day$0,$and$52.17$Hz$separates$the$two$

peaks.$$

$

On$day$8$of$differentiation,$by$which$time$all$cells$are$differentiated$to$form$mature$

myotubes,$the$1D$1H$NMR$spectra$shows$that$there$are$still$two$water$resonances,$one$

at$4.72$ppm$and$another$one$at$4.64.$Compared$to$day$0$and$3,$however,$the$two$

resonances$are$much$closer$together$and$the$up<field$peak$shows$as$a$shoulder$to$the$

major$down<field$peak.$$The$two$resonances$are$separated$by$42.5$Hz,$which$is$

significantly$less$than$those$of$day$0$and$3.$$

$

Further$examining$figure$5.2,$there$are$several$other$interesting$features$associated$

with$skeletal$muscle$differentiation.$First,$the$echo$amplitude$increases$with$developing$

cell,$and$this$is$attributed$to$growth$of$cells.$As$cells$differentiate$and$grow,$the$total$

volume$of$cellular$water$increases,$therefore$resulting$in$larger$echo$amplitude.$The$

second$feature$of$interest$is$narrowing$of$the$peak$width$with$developing$cell.$Taking$

the$down<field$major$peak$as$an$indicator,$it$is$clearly$shown$that$the$full$width$half$

maximum$of$the$peak$narrows$throughout$the$course$of$differentiation.$The$width$of$1D$

peaks$are$inversely$proportional$to$spin<spin$(T2)$relaxation$times,$and$therefore$

indicates$that$the$T2$relaxation$times$of$cell$water$increases$during$differentiation$of$

skeletal$muscle.$The$last$feature$of$interest$is$the$decreased$separation$of$two$water$

resonances$as$differentiation$progresses.$Such$closing$proximity$shows$that$chemical$
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environment$of$skeletal$muscle$water$goes$from$heterogeneous$to$more$homogeneous$

during$differentiation.$$$

$

The$changes$in$dynamics$of$muscle$water$throughout$the$differentiation$process$was$

further$examined$by$measuring$spin<lattice$(T1)$relaxation$times$of$muscle$water.$Figure$

5.3$below$shows$changes$in$T1$relaxation$times$for$the$down<field$component$of$muscle$

water$at$295$K.$As$muscle$cells$go$from$day$0$of$differentiation$to$day$3,$the$mean$T1$

relaxation$time$went$up$2.24$s$to$2.28.$From$day3$to$8,$the$mean$T1$relaxation$time$

went$up$from$2.28$to$2.37.$Hence,$the$farther$along$developmental$state$a$skeletal$

muscle$cell$is$the$longer$T1$relaxation$time$is.$Considering$that$most$of$cells$were$fused$

into$myotubes$by$day$3,$the$increase$in$T1$relaxation$from$day$0$to$3$can$be$correlated$

with$both$fusion$of$myoblast$cell$membranes$and$partial$assembly$of$filamentous$action$

into$muscle$fibers.$As$the$muscle$develops$into$more$mature$and$bigger$myotubes$by$

day$8,$the$increase$in$T1$continued$at$a$faster$rate.$Hence,$skeletal$differentiation$and$

maturation$of$skeletal$muscle$is$characterized$by$increased$spin<lattice$relaxation$times.$$

$
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Figure!5.3$Spin<lattice$(T1)$relaxation$times$of$muscle$water$proton$at$295K$on$days$0,$3$

and$8$after$initiating$skeletal$differentiation.$$$

$

To$characterize$the$kinetics$of$muscle$water,$experiments$were$carried$out$to$observe$

temperature$dependence$of$muscle$water$chemical$shift$from$290$K$to$310$K.$Fully$

relaxed$1D$1H$NMR$spectra$of$muscle$taken$on$day$8$are$shown$in$figure$4.$Muscle$is$

fully$differentiated$into$myotubes$on$day$8.$These$are$1H$NMR$spectra$of$myotubes.$$

$
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$

Figure!5.4$Fully$relaxed$1D$spectra$of$C2C12$on$day$8$of$differentiation$at$290,$295,$300,$

305$and$310$K.$$

$

As$seen$in$figure$5.4,$the$chemical$shift$of$muscle$water$moves$linearly$up<field$with$

increasing$temperature,$with$each$5$K$temperature$jump$resulting$in$~$27$Hz$shift.$$At$

290K$(blue),$the$major$water$resonance$is$at$4.77$ppm.$In$addition$three$are$two$

shoulder$peaks$at$4.88$and$4.68$ppm,$indicating$three$distinguishable$chemical$

environments$of$muscle$water$within$myotubes$at$290$K.$At$295$K$(red),$the$main$

resonance$of$muscle$water$is$at$4.72$ppm,$with$less$shoulder$peaks$at$4.81$and$4.64$

ppm.$Going$from$290$to$295$K,$all$three$distinguishable$peaks$moved$up<field$while$the$

shoulder$peaks$became$less$pronounced.$At$300$K$(green),$the$major$peak$is$centered$at$

4.67$ppm.$Interestingly,$the$left$shoulder$peak$became$almost$indistinguishable$from$

the$main$peak,$while$the$up<filed$shoulder$peak$was$at$4.60$ppm.$At$305$K$(purple),$the$
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1H$resonance$of$muscle$water$became$closer$to$Lorentzian<Gaussian$profile$with$its$

center$at$4.62$ppm.$The$up<field$shoulder$was,$however,$still$distinguishable$around$

4.55$ppm.$At$310K$(light$blue),$the$major$peak$showed$Lorentian<Gaussian$profile$with$

its$center$at$4.57$ppm.$The$shoulder$peaks$were$not$distinguishable$from$the$major$

water$resonance$at$310$K.$$

$

These$findings$indicate$that$with$increasing$temperature,$the$chemical$environment$of$

water$became$more$homogeneous,$as$indicated$by$a$single$muscle$water$resonance.$

While$the$three$distinguishable$resonances$show$that$there$are$at$least$three$different$

types$of$water$within$skeletal$myotube,$such$compartmentalization$of$muscle$water$

significantly$weakened$as$the$muscle$sample$was$brought$to$310K,$which$is$the$same$as$

typical$physiological$temperature$of$mammals.$

$

Figure$5.4$further$shows$that$the$echo$amplitude$increased$with$increasing$

temperature.$Since$the$total$volume$of$water$within$myotubes$remained$the$same$

throughout$the$experiment,$the$increasing$amplitude$associated$with$temperature$

increase$is$due$to$shoulder$peaks$merging$towards$the$major$peak.$The$peak$width,$

determined$by$full<width<half<maximum$(FWHM)$changed$slightly$as$muscle$water$went$

from$290$to$310$K$with$both$temperatures$showing$about$0.5$ppm$peak$widths.$

Interestingly,$the$major$water$resonance$in$all$temperatures$had$dramatically$bigger$

peak$width$compared$with$that$of$‘bulk’$water$and$this$indicates$that$the$T2$relaxation$

time$is$shorter$in$muscle$water$compared$to$bulk$water.$$
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$

In$order$to$study$the$changes$in$dynamics$of$muscle$water$protons$during$skeletal$

differentiation$and$its$energetics,$T1$relaxation$time$was$plotted$as$function$of$

temperature$to$yield$an$Arrhenius$plot$as$shown$in$figure$5.5.$All$T1$exponential$fitting$

curves$used$in$data$analysis$showed$great$chi<square$values$with$one$component$

relaxation$models$contrary$to$earlier$studies$with$muscle$fiber.$

$

From$well<known$Arrhenius$theory$of$rate$process,$the$correlation$time,$!!,$for$

rotational$molecular$motion$can$be$described$as$the$time$it$takes$for$a$dipole$to$jump$

from$one$equilibrium$position$to$another.$$In$order$for$this$jump$to$occur,$the$system$

needs$to$overcome$the$potential$barrier$and$this$energy$is$known$as$activation$energy$

(ΔEA).$The$activation$energy$can$be$written$in$terms$of$correlation$time$then:$

$ !! = !!!"#
∆!!
!" $ $

And,$it$follows$from$Bloembergen<Purcell<Pound$theory$(Bloembergen,$1948$#20).$that$$

$ !1 = !!! , !"#!!!!! ≪ 1$ $

Where$C$is$a$constant$and$!! = 2!!!,$where$!!$is$the$resonant$frequency.$Hence,$

activation$energy,$∆!!,$can$be$computed$from$observing$temperature$dependence$of$

T1$relaxation$times:$

$
∆!! = 2.303! !log!!

!(1!)
$

$

Here$T$is$temperature$in$kelvins$and$T1$is$in$seconds.$$
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$

Figure!5.5$Arrhenius$plot$showing$temperature$dependence$of$T1$relaxation$of$muscle$

water$on$day$0,$3$and$8$of$skeletal$differentiation.$$

$

Taking$logarithmic$values$of$T1$from$the$data$shown$in$figure$5.5,$we$can$compute$the$

activation$energy$of$muscle$water$on$day$0,$3$and$8$of$differentiation$and$this$is$shown$

in$table$5.1.$

$
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Table!5.1$Activation$energy$for$T1$relaxation$of$muscle$water$on$days$0,$3$and$8$of$

skeletal$differentiation$

$ Day$0$ Day$3$ Day$8$

∆!!$(kJ/mol)$ 15.691$ 15.641$ 13.427$

$

The$activation$energy$of$T1$did$not$change$appreciably$going$from$day$0$to$3.$This$

indicates$that$fusion$of$myoblast$cells$into$myotubes$does$not$significantly$change$

activation$energy$of$muscle$cell$water.$However,$going$from$day$3$to$day$8,$period$

corresponding$to$myotube$growth$resulted$in$dramatic$lowering$of$activation$energy.$

Hence,$the$lowering$of$activation$energy$is$more$closely$related$to$growth$of$myotubes$

rather$than$initial$stages$of$skeletal$differentiation.$

$

$

5.5!Discussion!

!

This$study$was$carried$out$to$study$changes$in$muscle$water’s$chemical$environment$

and$dynamics$associated$with$skeletal$muscle$differentiation$using$C2C12$model.$1D$

experiments$showed$two$distinguishable$chemical$shifts$of$intracellular$water$at$all$

stages$of$differentiation.$Of$the$two,$the$down<field$resonant$peak$constitutes$the$

majority$of$muscle$water,$around$90%.$As$the$myoblasts$differentiated$into$myotubes,$

both$the$two$water$proton$resonances$moved$down<field,$indicating$the$more$shielded$

magnetic$environment$of$muscle$water$as$a$consequence$of$muscle$development.$In$
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addition$the$splitting$of$the$two$resonances$decreased$with$differentiation.$Further$

studying$spin<lattice$relaxation$(T1)$times$revealed$that$the$T1$relaxation$times$of$

muscle$water$protons$are$notably$lower$than$that$of$‘bulk’$water.$T1$is$the$smallest$on$

day$0$of$differentiation$and$further$development$resulted$in$increase$of$T1$relaxation$

times.$$

$

In$addition$to$T1$relaxation$measurements,$DOSY$experiments$were$carried$out$to$

measure$self<diffusion$coefficients$of$muscle$water$protons.$Similar$to$T1$relaxation$

times,$the$diffusion$constants$of$muscle$water$were$significantly$lower$than$that$of$

‘bulk’$water.$In$addition,$the$diffusion$coefficient$increased$as$muscle$progressed$with$

development.$On$the$contrary$to$T1$relaxation,$however,$where$a$one<component$

exponential$decay$was$observed,$the$DOSY$data$required$two<component$exponential$

fitting$to$yield$excellent$chi<square$statistics.$Such$results$can$be$understood$by$

considering$the$exchange$of$protons$between$two$populations$of$water.$In$this$case,$the$

exchange$time$is$fast$enough$to$yield$only$one$T1$component,$but$slow$enough$to$have$

two$muscle$water$compartments$with$distinct$diffusional$characteristics.$Similar$results$

have$been$observed$within$human$brain$samples,$REF$and$hence$this$is$not$a$unique$

feature$of$muscle,$but$a$broad$range$of$biological$samples$exhibit$similar$characteristics.$

$

To$further$characterize$the$muscle$water$and$differentiation$associated$changes,$

temperature$dependence$chemical$shifts$and$T1$relaxation$times$for$the$down<field$

peak$were$measured$between$290$and$310$K$at$5$K$increments.$Similar$to$behavior$of$
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‘bulk’$water,$T1$increased$with$increasing$temperature,$albeit$at$a$smaller$rate.$Using$

the$temperature$dependence$of$T1,$activation$energies$of$T1$in$muscle$water$protons$

were$computed$for$cells$on$day$0,$3$and$8$of$differentiation.$Activation$energy$for$T1$of$

muscle$water$proton$changed$slightly,$but$with$no$statistical$significance,$going$from$

day$0$to$3.$However,$going$from$day$3$to$8,$activation$energy$of$water$dropped$more$

notably$by$about$15%.$Such$result$is$contrary$to$earlier$studies,$where$inside$intact$

muscle$tissue,$the$activation$energy$of$intracellular$water$was$comparable$to$that$of$

‘bulk’$water$10.$Our$findings$indicate$that$not$only$is$the$activation$energy$of$water$

lower$than$that$of$‘bulk’$water,$but$also$it$changes$with$physiological$changes$occurring$

within$the$muscle$cells.$The$lowered$activation$energy$of$muscle$water$can$be$best$

understood$by$considering$rapid$proton$exchange$between$water$and$biomolecules$

within$the$muscle$cells.$The$lowered$activation$energy$observed$here$also$agrees$other$

previous$studies,$where$water$near$proteins$showed$lower$activation$energy$11.$The$

lowered$activation$energy$can$mean$that$biological$water$may$be$more$catalytic$in$

nature,$when$compared$with$bulk$water.$

$

Perhaps,$one$of$the$biggest$challenges$for$correct$interpretation$of$NMR$studies$on$

muscle$water$is$the$widely$varying$experimental$data$coming$from$different$groups.$

Several$groups$have$reported$multi<component$fitting$of$relaxation$data$while$others$

reported$only$one$relaxation$constant$for$muscle$water.$Our$study$suggests$that$1D$

chemical$shift,$relaxation$and$diffusion$dynamics$are$critically$dependent$on$the$

temperature$of$the$system.$Therefore,$we$suggest$that$the$inconsistent$temperature$
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settings$across$previous$studies$were$at$least$one$of$the$factors$to$be$considered$when$

interpreting$the$data.$$

$

Additional$difficulty$in$interpretation$of$1H$NMR$data$on$muscle$water$arises$when$

assigning$proton$resonances$to$physiologically$relevant$physical$model$of$water$

populations.$In$an$intact$tissue,$there$are$several$different$types$of$cells$and$connective$

tissues$present$inside$intact$muscle$tissues,$hence$making$it$difficult$to$assign$water$

populations$unique$to$muscle.$Our$approach$to$using$just$the$myoblast$cells$to$form$

muscle$fiber$has$simplified$the$problem$in$that$there$is$only$one$kind$of$cell$type$in$our$

system.$The$results$gathered$in$this$study$indicate$that$the$multi<component$T1$

relaxation$observed$in$earlier$studies$of$intact$muscle$may$be$due$to$other$non<muscle$

cell$components$as$our$system$composed$of$only$muscle$cells$demonstrate$one$

component$T1$relaxation.$

$

The$nature$of$significantly$lowered$diffusion$coefficient$of$water$is$still$under$active$

debate.$However,$recent$general$consensus$has$been$that$geometrical$constraints$

imposed$by$biomolecules$within$cellular$environment$are$the$major$cause$of$lowered$

diffusion$of$water.$Despite$this$widely$accepted$view,$careful$calculations$were$made$on$

the$effects$of$constrained$geometry$on$diffusion$coefficient$of$water$within$muscle$

fibers,$and$the$study$concluded$that$geometrical$constraints$present$in$muscle$can$only$

account$for$about$30%$reduction$in$diffusion$constant$when$water$is$considered$to$have$

same$intrinsic$physical$properties$as$bulk$water$6.$An$order$of$magnitude$lower$diffusion$
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coefficient$found$in$muscle$cells$may$therefore$indicate$genuine$changes$in$water$in$

muscular$systems.$

$ $
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Chapter!6.!The!Structure!of!Cellular!Water!in!Muscle!Fiber!and!

Associated!Changes!with!Activation!of!Muscle!

Reproduced)with)permission)from)Yoo)et)al.,)Contraction8induced)Changes)in)Hydrogen8

bonding)of)muscle)Hydration)Water.)Journal!of!Physical!Chemistry!Letters,)2014,)5(6),)

pp)9478952.)Copyright)2014)American)Chemical)Society.)

)

6.1!Abstract!

Protein8water)interaction)plays)a)crucial)role)in)protein)dynamics,)and)hence)function.)

To)study)the)chemical)environment)of)water)and)proteins)with)high)spatial)resolution,)

synchrotron)radiation8Fourier)transform)infrared)(SR8FTIR))spectro8microscopy)was)used)

to)probe)skeletal)muscle)myofibrils.)Observing)the)OH8stretch)band)showed)that)water)

inside)relaxed)myofibrils)is)extensively)hydrogen8bonded)with)little)or)no)free)OH.)In)

higher)resolution)measurements)obtained)with)single)isolated)myofibrils,)the)water)

absorption)peaks)were)relatively)higher)within)center)region)of)the)sarcomere)

compared)to)the)I8band)region,)implying)higher)hydration)capacity)of)thick)filaments)

compared)to)the)thin8filaments.)When)specimens)were)activated,)changes)in)the)OH8

stretch)band)showed)significant)de8hydrogen)bonding)of)muscle)water;)this)was)

indicated)by)increased)absorption)at)~3480)cm81)compared)to)relaxed)myofibrils.))These)

contraction8induced)changes)in)water)were)accompanied)by)splitting)of)the)Amide)I)

(C=O))peak,)implying)that)muscle)proteins)transition)from)α8helix)to)β8sheet8rich)

structures.)Hence,)muscle)contraction)can)be)characterized)by)a)loss)of)order)in)the)
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muscle8protein)complex,)accompanied)by)a)de8structuring)of)hydration)water.)The)

findings)shed)fresh)light)on)the)molecular)mechanism)of)muscle)contraction)and)motor)

protein)dynamics.)

)

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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6.2!Introduction!

While)the)importance)of)water)for)sustaining)life)is)well)recognized,)the)exact)role)of)

water)in)biological)processes)remains)unclear.)On)the)other)hand,)an)increasing)number)

of)studies)show)that)biological)processes)are)heavily)influenced)by)interfacial)water)

dynamics)1.))

)

One)such)water8mediated)process)is)protein)conformational)change,)which)sits)at)the)

base)of)biological)function)283.)X8ray)crystallography)studies)had)initially)implied)

relatively)few)hydration)layers)adsorbed)onto)proteins,)which)could)persist)even)under)

high)vacuum)4.)However,)recent)experiments)using)THz)and)florescence)spectroscopy)

have)reveled)that)the)dynamic)hydration)shells)around)proteins)can)extend)out)to)much)

longer)distances)586.)Further,)recent)dielectric)spectroscopy)studies)have)shown)that)

protein)folding)is)largely)‘slaved’)by)dynamics)of)water)beyond)the)first)several)

hydration)layers)7;)i.e.,)the)protein)follows)the)water.))

)

The)above8mentioned)studies)have)sparked)broad)interest)in)hydration)water.)However,)

questions)remain)as)to)how)such)solution)systems)reflect)the)intricately)ordered)and)

crowded)protein8water)systems)lying)inside)intact)tissues)and)cells.)One)such)ordered)

system)is)muscle.)When)muscle)is)activated,)proteins)undergo)synchronous)

conformational)changes)over)millimeter)and)centimeter)length)scales.)The)protein)

changes)are)well)studied;)however,)the)changes)in)muscle8water)hydrogen8bonding)

remain)uncharted)territory.)
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)

Many)experimental)observations)imply)that)water)may)play)an)important)role)in)muscle)

contraction)(for)summary,)see)889).)Several)recent)findings)in)particular)show)that)near8

surface)interfacial)water)is)considerably)more)viscous)than)bulk)water,)with)several)

groups)reporting)as)high)as)six8fold)viscosity)elevation)near)hydrophilic)surfaces)10.)This)

high)viscosity)implies)that)the)molecular)cross8bridge)swinging)that)has)been)considered)

central)to)the)contractile)process)may)experience)resistance,)and)correspondingly,)that)

the)high)energy)needed)to)power)such)strokes)might)not)be)accounted)for)by)ATP)

splitting)alone.)This)is)but)one)of)multiple)issues)raised)by)the)presence)high)viscosity)

interfacial)water.))

)

Synchrotron)radiation)(SR))FTIR)spectro8microscopy)has)lately)emerged)as)a)non8

invasive)probe)of)biological)tissues)with)unprecedented)spectral)sensitivity)and)

diffraction8limited)spatial)resolution,)owing)to)its)high)brightness)and)small)beam)size)11.)

This)tool)has)proved)especially)useful)in)determination)of)chemical)species)and)

structures)12814.)IR)spectroscopy)is)also)remarkably)sensitive)to)the)strength)of)hydrogen)

bonding,)as)OH)stretch)frequency)is)linearly)related)to)hydrogen)bonding)strength)(i.e.)

stronger)hydrogen)bonding)results)in)lower)frequency)of)OH)stretching)vibration))15.)

With)this)technique,)we)examined)possible)changes)of)muscle)water)and)protein)

structures)associated)with)muscle)contraction.)

)

6.3!Materials!and!Methods!
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6.3.1!Solutions!

!

Several)different)solutions)were)used)to)simulate)different)states)of)contraction.)

Relaxing)solution)(pH)7.0))had)a)composition)(in)mM))of:)10)MOPS,)64.4)K+)propionate,)

5.23)Mg2+)propionate,)9.45)Na2SO4,)10)EGTA,)0.188)CaCl2,)7)ATP,)and)10)creatine)

phosphate.)Activating)solution)consisted)(in)mM))of:)10)MOPS,)45.1)K+)propionate,)5.21)

Mg2+)propionate,)9.27)Na2So4,)10)EGTA,)9.91)CaCl2,)7.18)ATP,)and)10)creatine)phosphate.)

Glycerol)solution)consisted)of)half)glycerol)and)half)rigor)solution,)the)latter)containing)

(in)mM))of:)50)Tris)(pH)7.4),)100)NaCl,)2)KCl,)2)MgCl2,)and)10)EGTA.)

)

6.3.2!Skeletal!myofibril!preparation!

!

Two)types)of)specimen)were)studied:)myofibril)bundles)and)single)myofibrils.)Myofibril)

bundles)were)prepared)from)rabbit)psoas)muscles.))Briefly,)muscles)were)dissected)

bluntly)from)the)backs)of)rabbits,)along)the)length)of)the)fibers.)They)were)cut)into)thin)

strips,)and)tied)at)both)ends)to)a)wooden)stick)in)order)to)maintain)their)natural)length.)

The)prepared)muscle)strips)were)placed)in)glycerol)solution)and)stored)in)a)freezer)at)8

20)°C)for)long8term)storage.)To)obtain)myofibril)bundles,)the)muscle)strips)stored)in)

glycerol)solution)were)transferred)to)rigor)solution)for)60)minutes)and)then)cut)into)2)

mm)segments)across)the)fiber)cross8section.)A)tissue)segment)was)diced)using)a)blender)

(Sorvall)Omni)Mixer))in)7)ml)of)rigor)solution)using)the)following)protocol:)twice)X)5)s)at)

1100)rpm,)once)x)5)s)at)2500)rpm,)and)once)x)1)s)at)3100)rpm.)The)resulting)myofibril)
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bundles)were)typically)about)50)μm)in)diameter)and)several)hundred)micrometers)long.)

Eight)myofibril)bundles)were)probed)both)in)relaxed)and)activated)states)to)confirm)the)

consistency)of)the)data)(n=8).)

)

Single)honeybee)myofibrils)were)prepared)from)thorax)region)of)honeybee)flight)

muscles.)The)dissected)specimen)was)stored)at)820)°C)in)a)50/50)glycerol/rigor)solution)

mixture)for)long8term)storage.)To)prepare)single)myofibrils,)the)muscle)tissue)was)

washed)in)rigor)solution)and)cut)using)a)blender)in)2)ml)of)rigor)solution)using)the)

following)protocol:)once)X)5)s)at)2500)rpm,)once)X)10)s)at)4000)rpm.)The)resulting)

myofibrils)were)typically)485)μm)in)diameter)and)tens)of)micrometers)long.)Ten)single)

myofibril)samples)were)probed)in)both)activated)and)relaxed)states)for)consistency)

(n=10).)

)

6.3.3!C2C12!Mouse!Myoblast!Cell!Culture!

)

For)maximum)infrared)transmission,)C2C12)cells)need)to)be)cultured)directly)on)the)

CaF2)window.)However,)CaF2)window)is)not)an)ideal)cell)substrate,)and)hence,)the)

window)needs)to)be)coated)with)a)class)of)extracellular)matrix)(ECM))protein,)

fibronectin)to)enhance)attachment)of)the)cells)onto)CaF2)window.)For)culture,)C2C12)

cells)were)first)plated)onto)fibronectin)coated)CaF2)window)and)expanded)in)growth)

media)containing)DMEM)and)10)%)fetal)bovine)serum)(FBS).)When)the)cells)reach)~90)%)

confluency,)typically)after)3)days)in)culture,)they)will)be)cultured)in)differentiation)
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media)containing)DMEM)+)2)%)horse)serum)(HS).)By)day)10,)muscle)fibers,)or)myotubes,)

will)form)and)the)CaF2)window)containing)live)cells)were)fitted)to)custom8built)chamber.)

The)spectra)were)collected)at)various)developmental)stages)of)C2C12)in)order)to)track)

changes)in)cellular)water)structure)associated)with)muscle)development.)

)

6.3.4!Synchrotron!Radiation!Fourier!Transform!Infrared!(SR/FT/IR)!Spectro/microscopy!

!

The)SR8FT8IR)measurements)were)made)using)a)Nicolet)Magna)760)FTIR)bench)and)a)

Nicolet)Nic8Plan)IR)microscope)with)15X)and)32)X)objectives,)at)the)Advanced)Light)

Source,)Lawrence)Berkeley)National)Laboratory,)Infrared)Beamline)1.4.3.)Myofibril)

bundle)experiments)were)carried)out)with)a)15X)objective,)while)single)myofibril)

experiments)were)carried)out)using)a)32X)objective.)Thirty8two)scans)of)IR)spectra)were)

collected)between)800)and)4000)cm81)at)4)cm81)resolution,)and)averaged.)SR8FTIR)

spectra)were)initially)collected)to)identify)the)chemical)environment)of)relaxed)muscle.)

To)do)this,)a)drop)of)myofibril)bundle)suspension)was)dispensed)onto)a)CaF2)window)

and)then)immersed)in)relaxing)solution)for)30)minutes)on)ice.)To)collect)the)SR8FTIR)

spectra)of)activated)muscle,)activating)solution)was)drop)dispensed)onto)the)myofibril)

bundle)and)measurements)were)made)after)the)specimen)had)visibly)finished)

contracting.)For)obtaining)spectral)maps)of)myofibril)bundles,)total)of)8)myofibril)

bundles)were)probed)in)both)relaxed)and)activated)states)for)consistency.)Each)sample)

was)scanned)with)a)5)μm)step)size.)For)single)honeybee)myofibrils,)13)myofibrils)were)

probed)in)both)relaxed)and)activated)states.)Each)sample)was)scanned)with)a)1)μm)step)
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size.)Second8derivative)analysis)was)performed)for)enhancement)of)spectral)resolution)

using)the)Savitsky8Golay)method)37.)To)minimize)evaporation)during)data)collection,)the)

myofibril)bundle)was)kept)in)a)water8tight)custom)chamber)with)a)Tefon)fitting.)

)

6.4!Results!

!

6.4.1!IR!Spectrum!of!Liquid!Water!

!

In)order)to)compare)liquid)water)with)muscle)water,)we)first)obtained)the)infrared)

spectrum)of)liquid)water,)as)shown)in)figure)6.1)(top).)The)OH)stretch)region)of)liquid)

water)shows)a)broad)peak)due)to)extensive)hydrogen)bonding.)The)second)derivative)

(below))shows)that)the)broad)peak)resolves)into)three)components:)3230,)3400)and)

3620)cm81)corresponding)respectively)to)the)symmetric)OH)stretching)mode)of)ice8like)

water,)partially)hydrogen)bonded)water,)and)free)OH.)These)are)standard)assignments.)

Of)the)three)components,)particularly)notable)is)the)one)at)3400)cm81,)which)contains)

two)shoulder)peaks)at)3480)and)3520)cm81.)These)shoulder)peaks)imply)that)liquid)water)

may)have)at)least)three)different)arrangements)of)partially)hydrogen8bonded)water.)
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)

Figure!6.1.)Infrared)spectrum)of)liquid)water)at)22)°C)in)the)OH)stretch)spectral)region)

(top),)and)second)derivative)spectra)(bottom).)Arrows)indicate)components)resolved)

with)second)derivative)analysis)at)3230,)3400)and)3620)cm81.)

)

To)observe)the)corresponding)hydrogen8bonding)environment)of)muscle)water,)we)

collected)an)infrared)map)of)a)single)relaxed)honeybee)myofibril)(Figure)6.2).)Panel)a)
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shows)a)bright8field)image,)with)visible)sarcomeres.)The)color)images)in)panel)b)show)

absorption)maps)obtained)at)different)spectral)regions,)corresponding)to)three)

components)of)liquid)water)determined)above:)fully)coordinated)ice8like)water)(3230)

cm81),)partially)H8bonded)water)(3400)cm81),)free)OH)(3620)cm81).)The)strong)relative)

absorption)at)3230)and)3400)cm81)indicate)that)the)water)inside)the)relaxed)myofibril)is)

mostly)“ice8like”)and)partially)hydrogen8bonded.)The)weak)absorption)at)3620)cm81)

indicates)little)or)no)free)OH.)Hence,)most)of)the)water)molecules)inside)the)relaxed)

myofibril)can)be)said)to)be)either)fully)or)partially)hydrogen8bonded.))

)

A)particularly)interesting)feature)of)these)infrared)maps)is)the)inhomogeneous)spatial)

distribution)of)water)along)the)myofibril.)Overlaying)the)images)showed)that)all)three)

components)of)water)IR)absorption)were)higher)in)the)center)of)the)sarcomere)than)in)

the)regions)around)the)z8lines.)Of)those)three)components,)the)ice8like)water)was)

preferentially)present)in)the)middle)of)the)sarcomere.)The)partially)hydrogen)bonded)

water)was)spread)more)uniformly)over)the)length)of)the)myofibril,)albeit)slightly)higher)

in)the)middle)of)the)sarcomere.)Thus,)the)water)content)within)myofibril)shows)

sarcomeric)periodicity.)This)may)mean)that)the)thick8filaments,)which)are)found)in)the)

middle)of)the)sarcomere,)might)have)higher)water)holding)capacity)than)the)thin8

filaments,)which)are)nearer)to)the)ends)of)the)sarcomere.)The)stronger)absorption)of)

ice8like)water)may)be)due)to)higher)negative)charge)density)on)the)surfaces)of)thick)

filaments)compared)to)thin)filaments)16817.) 
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!

Figure!6.2!a:)Bright8field)image)of)a)single)honeybee)myofibril)in)relaxed)state.))b:)IR)

absorption)maps)of)the)same)specimen)at)three)wavenumbers,)corresponding)to)ice8like)

water)(3230)cm81),)partially)hydrogen)bonded)water)(3400)cm81),)and)free)OH)(3620)cm8

1).)

)

In)order)to)investigate)the)chemical)changes)associated)with)contraction,)myofibril)

bundles)were)studied)in)relaxed)and)activated)states.)To)simulate)two)physiological)

states)of)muscle,)we)used)standard)model)comprising)of)skinned)muscle)and)two)
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physiological)solutions.)The)bundle)was)first)bathed)in)relaxing)solution)for)30)minutes)

and)an)IR)map)was)collected.)Next,)the)same)bundle)was)bathed)in)activating)solution)

for)30)minutes.)By)that)time,)the)specimen)was)fully)contracted:)all)visible)signs)of)

contraction)development)had)ceased.)

)

Figure)6.3a)shows)bright8field)images)and)superimposed)IR)maps)of)the)relaxed)and)

activated)bundle.)The)IR)maps)were)obtained)at)3500)cm81,)the)spectral)region)showing)

the)largest)changes)as)the)specimen)passed)from)the)relaxed)state)to)the)contracted)

state.)The)activated)specimen)absorbed)significantly)more)than)the)relaxed)specimen)at)

3500)cm81.)This)increase)may)be)indicative)of)decreased)hydrogen8bonding)strength)of)

muscle)water)during)contraction.))
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!

Figure!6.3)a.)Bright8field)images)of)relaxed)and)activated)myofibril)bundle)with)overlays)

of)IR)images)at)3500)cm81)showing)significant)increase)in)absorption)during)contraction.)

For)the)color)map,)absorption)of)activated)muscle)at)3550)cm81)is)normalized)to)1)for)

comparison.))b.$IR)spectra)of)relaxed)(blue),)activated)(red))muscle)and)deionized)water)

(green).)c.)Second8derivative)spectra)of)relaxed)and)activated)muscle.)

)

Figure)6.3b)shows)the)representative)IR)spectra)from)relaxed)(blue))and)activated)(red))

specimens.)Deionized)water)(green))is)shown)for)comparison.)Consistent)with)findings)in)

the)single)myofibril)(Figure)1),)the)spectra)of)the)relaxed)bundle)shows)almost)complete)
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absence)of)free)OH)(3620)cm
81

))compared)to)liquid)water.)This)indicates)stronger)

hydrogen)bonding)strength)of)muscle)water)compared)with)deionized)water.)The)most)

notable)feature)of)Figure)3b)is)the)shoulder)peak)near)3500)cm
81

)that)appears)upon)

activation,)indicating)‘break8up’)of)the)hydrogen8bonding)network.)However,)even)with)

a)significant)de8hydrogen)bonding)the)activated)muscle)still)largely)lacked)free)OH.)The)

changes)seen)in)the)OH)stretch)region)of)IR)spectra)upon)activation)were)reversible)at)

least)up)to)two)activate8relaxing)cycles,)indicated)by)appearance)and)disappearance)of)

the)shoulder)peak)at)3500)cm
8

1)in)activated)and)relaxed)states,)respectively.)

)

For)more)detailed)spectral)analysis)of)the)OH)stretch)region,)second)derivative)analysis)

was)performed)on)the)original)spectra.)The)results)are)shown)in)Figure)3)c.)They)show)

several)peaks)corresponding)to)symmetric)and)asymmetric)CH2)stretch)of)lipids)(~2852)

and)2924)cm
81

),)asymmetric)CH3)stretch)of)lipids)(2960)cm
81

),)symmetric)NH)stretch)of)

amide)A)and)amide)B)(3300)and)3057)cm
81

),)besides)the)water)peaks)(3180,)3400,)3480)

cm
81

).)Table)1)summarizes)those)peaks.)While)other)peaks)do)not)show)any)obvious)

shifts,)the)amide)A)band)shows)a)blue8shift)(i.e.,)to)higher)frequency))of)about)10)cm
81

.)

Such)shift)has)been)associated)with)an)α8helix)to)β8sheet)transition)
15

.))))

)

)Table)6.1.)Assignment)of)IR)bands)and)their)major)contributors)

Wavenumber!(cm/1)! Vibrational!mode!assignment!!and!major!contribution!

~3620) νOH)of)Free)OH)
18

)

~3400) νOH)of)Partially8hydrogen)bonded)Water)
18

)
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~3300) Amide)A,)νNH)of)Proteins)19)

~3230) νOH)of)Ice8like)water)18)

~2960) νasCH3)of)lipids,)proteins)and)nucleic)acids)19)

~2924) νasCH2)of)lipids)20)

~2860) vsCH2)of)lipids)20)

~1650) Amide)I,)vC=O)stretch)19!

~1550) Amide)II)19)

)

In)Figure)6.3c,)second)derivative)water)peaks)are)seen)corresponding)to)3180,)3400)and)

3480)cm1.)Compared)with)liquid)water)(Figure)1),)the)component)corresponding)to)ice8

like)water)occurs)at)a)lower)frequency,)by)about)20)cm81.)This)shift)indicates)that)fully)

coordinated)modes)of)water)in)muscle)contain)slower)vibrational)modes,)presumably)

due)to)dipolar)coupling)of)water)and)protein)oscillators.)Upon)activation,)the)ratio)of)the)

amide)A)peak)(3300)cm81))and)the)3480)cm81)water)peak)increases,)showing)an)increase)

in)the)number)of)broken)hydrogen)bonds)per)protein)molecule.)Thus,)the)second8

derivative)analysis)confirms)the)results)obtained)from)the)original)spectra:)a)significant)

‘break8up’)of)hydrogen)bonds)during)activation.)The)absence)of)free)OH)in)both)relaxed)

and)activated)myofibril)bundle)shows)that)the)‘break8up’)of)hydrogen)bonding)during)

activation)still)leaves)water)molecules)hydrogen8bonded)to)at)least)one)neighboring)

water)molecule.)

)
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To)confirm)that)the)observed)changes)in)muscle)water)are)not)artifacts)arising)from)

differences)in)absorption)from)the)different)physiological)solutions,)we)collected)

infrared)spectra)of)both)activating)and)relaxing)solutions)(Figure)6.4).)Comparison)with)

the)spectra)of)deionized)water)confirmed)that)both)physiological)solutions)had)IR)

spectra)indistinguishable)from)that)of)deionized)water.))

)

)

Figure!6.4.)IR)spectra)of)deionized)water)(green),)relaxing)solution)(blue))and)activating)

solution)(red),)showing)no)obvious)differences.)

)

)
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The)amide)bands)in)vibrational)spectra)of)proteins)are)useful)tools)for)determining)the)

secondary)structure)of)proteins)and)the)proteins’)stability)12813,)20821.)Specifically,)the)

amide)I)peak)provides)sensitive)information)on)protein)secondary)structures)(i.e.,)α8

helix,)β8sheets,)β8sheet)turns,)side8chains,)etc.).))Figure)5a)shows)representative)spectra)

of)the)corresponding)spectral)region)in)relaxed)(blue))and)activated)(red))myofibril)

bundles.)These)spectra)were)taken)from)the)same)spectra)as)figure6.3b.)In)the)relaxed)

state,)the)myofibril)bundle)shows)a)classic)amide)I)peak)centered)~1650)cm81)and)amide)

II)peak)centered)~1550)cm81.)Upon)activation,)the)amide)I)peak)splits)into)two)(Figure)

6.5a),)the)new)peak)appearing)at)~1600)cm81,)over)and)above)the)original)peak)at)~1650)

cm81.)Moreover,)the)centroid)of)the)1650)cm81)peak)is)red8shifted)to)lower)frequency)by)

about)15)wavenumbers.))While)detailed)theoretical)description)of)Amide)I)splitting)has)

posed)significant)challenges,)experimental)results)indicate)that)splitting)of)Amide)I)peak)

to)lower)frequency)is)associated)with)β8sheet)rich)structures)22.)Thus,)the)red8shifting)of)

the)1650)cm81)peak)centroid)indicates)the)formation)of)intermolecular)β8sheets)arising)

out)of)aggregation)of)unfolded)proteins)in)activated)muscle.)The)new)peak)appearing)in)

the)amide)I)region)at)~)1600)cm81)is)assigned)to)the)amino)acid)side8chains)of)proteins)

including)both)hydrogenated)and)hydroxylated)glutamine)(H8Gly)and)OH8Gly),)whose)

transport)plays)an)important)role)in)phosphorylation)of)muscle)and)contraction)19,)23.)

Thus,)increased)absorption)at)~)1600)cm81)seen)here)may)be)due)to)formation)of)side8

chains)during)contraction.)Contrary)to)the)amide)I)band,)the)amide)II)band)showed)less)

change)with)activation:)diminished)absorbance,)with)no)change)in)the)peak)location.))
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!

Figure!6.5)a.)IR)spectra)of)relaxed)(blue))and)activated)(red))myofibril)bundle)in)amide)I)

and)II)spectral)regions.)b.)Second8derivative)of)the)IR)spectra.)

)
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To)examine)these)spectral)features)in)more)detail,)we)looked)at)the)second)derivative)

spectra.)Figure)6.5)b)shows)the)second)derivative)of)the)original)spectra)in)the)amide)I)

and)II)region.)Several)features)are)of)interest.)First,)the)relaxed)muscle)has)markedly)

higher)composition)of)α8helix)(1652)cm81))than)activated)muscle.)Second,)the)peak)

centered)at)~1630)cm81)and)~1680)cm81)increased)significantly)in)amplitude)when)

muscle)went)from)relaxed)to)activated.)These)peaks)represent)β8sheets)and)β8turns)

respectively)19.)Taken)together,)these)findings)show)that)muscle)proteins)lost)helical)

order)during)activation,)similar)to)the)conclusions)drawn)earlier)from)x8ray)diffraction)

studies)24.)

)

The)activation8associated)changes)of)muscle)water)are)appreciable)(Fig.)6.3)b).)However,)

the)myofibril)bundle)contains)water)both)inside)the)myofibril)and)between)the)

myofibrils.)To)ensure)that)the)observed)changes)in)hydrogen)bonding)are)indeed)due)to)

changes)within)the)myofibrils,)i.e.)associated)with)myosin,)actin,)etc.,)we)probed)single)

myofibrils,)where)the)only)water)present)in)the)sample)lies)within)the)contractile)

apparatus.)Contraction)is)ordinarily)less)pronounced)in)honeybee)myofibrils,)but)was)

confirmed)by)monitoring)shortening)of)sarcomeres)in)bright8field)images.)The)statistics)

are)summarized)in)figure)6.6.))
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)

Figure!6.6)Length)of)sarcomeres)in)relaxed)and)activated)single)honeybee)myofibrils)

with)standard)error)of)mean.)

)

)

)
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)

Figure!6.7)IR)spectra)of)relaxed)(blue))and)activated)single)myofibril)(red).)The)IR)spectra)

of)liquid)water)are)shown)for)comparison)(green).))

)

The)results)obtained)with)the)single)myofibril)largely)concur)with)those)obtained)with)

the)myofibril)bundles)(Figure)6.3).)As)seen)above)with)rabbit)myofibril)bundles,)the)

representative)spectrum)of)relaxed)single)myofibril)in)figure)6.7)shows)an)OH)stretch)

peak)significantly)red8shifted)from)that)of)deionized)water.)This)shift)indicates)stronger)

hydrogen)bonding)than)liquid)water.)Moreover,)as)the)specimen)passed)from)relaxed)

(blue))to)activated)(red))hydrogen)bonding)strength)decreased,)as)indicated)by)a)~25)

cm
81
)blue8shifting)of)the)centroid)of)water)OH)stretch)peak.)The)de8hydrogen)bonding)

agrees)with)results)obtained)from)myofibril)bundles.)Hence,)the)major)findings)in)
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muscle)water)hydrogen)bonding)are)consistent)in)both)single)myofibrils)and)myofibril)

bundles,)indicating)that)those)changes)occur)within)the)acto8myosin)complex.)

While)glycerinated)muscle)fibers)offer)a)standard)model)to)study)muscle)contraction,)

the)abundance)of)holes)punctured)on)cell)membranes)alter)osmotic)properties)of)the)

cell)when)compared)with)living)cells)having)intact)cell)membranes.)In)order)to)study)the)

water)hydrogen8bonding)environment)of)live)muscle)fiber,)C2C12)cells)were)cultured)

and)differentiated)to)form)skeletal)myotubes.))

The)cells)proliferated)and)differentiated)well)on)CaF2)window)well,)and)fused)into)

muscle)fiber)with)no)significant)problem)as)shown)in)figure)6.8.)Similar)to)earlier)studies)

with)explanted)muscle)fiber,)Infrared)maps)were)also)collected)on)live)skeletal)muscle)

fibers.)As)with)single)myofibrils)and)myofibril)bundles,)water)inside)muscle)cells)absorb)

more)preferentially)at)3230)and)3400)cm81,)while)very)little)abosorption)is)observed)at)

3620)cm81.)This)indicates)that)water)in)live)skeletal)muscle)cell)is)either)fully)or)partially)

hydrogen)bonded,)and)contains)little)or)no)free)OH.)Another)interesting)result)of)the)

study)is)higher)overall)absorption)of)water)peaks)in)fused)muscle)cell,)compared)with)

un8fused)myoblast)cells.)Thus,)muscle)cell)may)have)higher)water8holding)capacity,)or)

more)hydrophilic)as)it)goes)from)precursor)myoblast)to)fully)differentiated)myotubes.)

The)studies)with)live)muscle)cell)confirm)that)the)well)hydrogen8bonded)water)

environment)is)general)for)muscle)fibers,)hence)confirming)earlier)studies.)

)
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)

Figure!6.8)(top))bright8field)image)of)C2C12)cells)on)day)5.)By)day)5,)myoblasts)are)fused)

to)form)muscle)fiber)indicated)by)the)arrow.)(bottom))IR)absorption)maps)at)three)

water)components:)3230,)3400)and)3620)cm81.)

)

6.5! Discussion!

This)study)was)carried)out)to)understand)the)chemical)environment)of)skeletal)muscle)

water)and)its)possible)role)in)contraction.)Our)results)show)that)water)in)relaxed)muscle)
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is)significantly)more)structured)than)bulk)water,)with)little)or)no)free8OH)present.)This)

was)found)inside)myofibril)bundles)as)well)as)inside)single)myofibrils.)The)most)notable)

result)of)this)study)was)the)sensitivity)of)the)water)hydrogen8bonding)environment)to)

distinct)physiological)states.)When)the)myofibril)was)activated,)the)well8hydrogen8

bonded)muscle)water)lost)order)as)the)muscle)proteins)changed)conformation.)Water)

evidently)plays)some)role)in)the)contractile)process.)

)

It)is)widely)believed)that)water)inside)biological)tissues)is)similar)to)bulk)water,)except)

for)the)first)two)or)three)protein)hydration)layers.)However,)more)recent)results)have)

shown)that)hydrophilic)surfaces)can)extensively)order)nearby)water)25827.)Further,)recent)

NMR)measurements)show)that)in)confined)geometries)such)as)inside)reverse8micelles,)

protein)hydration)shells)can)extend)out)to)several)dozens)of)layers)28.)Considering)the)

confined)geometry)inside)the)myofilament)lattice,)it)is)no)surprise)that)most)of)the)

muscle)water)is)well)structured.)Thus,)muscle)water)differs)substantially)from)bulk)water.)

)

While)modern)understanding)of)muscle)contraction)is)largely)dominated)by)the)‘cross8

bridge’)theory)originally)proposed)by)Sir)Andrew)Huxley)and)H.E.)Huxley)29830,)many)

experimental)results)remain)at)odds)with)that)theory.)The)most)notable)are)shortening)

of)thick)filaments)during)contraction)31)and)generation)of)force)even)with)no)apparent)

overlap)of)thick)and)thin)filaments)32,)where)no)attachment)of)myosin)heads)to)actin)

filaments)can)occur.)Both)findings)indicate)the)need)for)reconsideration)of)that)

mechanism)9,)33.)On)the)other)hand,)the)breakup)of)water)structure)during)contraction)
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implies)that)the)high)viscosity)issue)mentioned)in)the)Introduction)may)be)less)of)a)

problem)for)the)prevailing)theory)than)initially)considered.)If)the)water)remained)highly)

viscous,)not)only)could)cross8bridges)fail)to)swing,)but)also)any)kind)of)filamentary)

motion)might)confront)substantial)difficulty.))

)

Several)physical)changes)occur)immediately)following)stimulation)but)prior)to)force)

generation.)These)include)changes)in)thick)filament)length)31,)sudden)decreases)in)

viscoelasticity)34,)loss)of)axial)and)helical)order)in)myosin)35,)and)latency)relaxation)36.)All)

of)those)changes)occur)within)milliseconds)after)stimulation)and)well)before)the)onset)

of)force)generation.)While)these)changes)are)seemingly)necessary)preconditions)for)

force)generation,)their)mechanisms)have)remained)unclear.)Changes)in)water)structure)

might)potentially)explain)some)or)all)of)those)changes)and)help)provide)better)

understanding)of)the)molecular)mechanism)of)muscle)contraction.))

)

Given)the)breakup)of)water)structure)during)contraction,)a)lingering)question)is)which)of)

the)two)events)comes)first:)changes)in)protein)conformation)or)break8up)of)ordered)

hydration)water?)Time8resolved)studies)will)be)needed)to)answer)this)important)

question,)which)may)have)relevance)also)for)other)biological)systems.)

)

)

)

)
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Effect of Radiant Energy on Near-Surface Water
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While recent research on interfacial water has focused mainly on the few interfacial layers adjacent to the
solid boundary, century-old studies have extensively shown that macroscopic domains of liquids near interfaces
acquire features different from the bulk. Interest in these long-range effects has been rekindled by recent
observations showing that colloidal and molecular solutes are excluded from extensive regions next to many
hydrophilic surfaces [Zheng and Pollack Phys. ReV. E 2003, 68, 031408]. Studies of these aqueous “exclusion
zones” reveal a more ordered phase than bulk water, with local charge separation between the exclusion
zones and the regions beyond [Zheng et al. Colloid Interface Sci. 2006, 127, 19; Zheng and Pollack Water
and the Cell: Solute exclusion and potential distribution near hydrophilic surfaces; Springer: Netherlands,
2006; pp 165-174], here confirmed using pH measurements. The main question, however, is where the
energy for building these charged, low-entropy zones might come from. It is shown that radiant energy
profoundly expands these zones in a reversible, wavelength-dependent manner. It appears that incident radiant
energy may be stored in the water as entropy loss and charge separation.

Introduction

For many years and from many old studies, it has been known
that liquids behave differently from bulk in the region of
interfaces. A summary of this older evidence can be found in a
comprehensive review written more than a half-century ago by
Henniker.1 Henniker cites more than 100 papers showing that,
for many liquids, the physical chemical behavior in the regions
near interfaces diverges from the physical chemical behavior
farther away, the near-surface liquid taking on different structural
forms. Among the cited studies are those of Hardy,2 who
emphasized structural differences extending up to hundreds of
micrometers from the surface. Included among the liquids cited
to show such structural differences was water.

By and large, however, the existence and putative functional
roles of these extensive interfacial zones have been forgotten.
This has been at least partly due to technological advances that
have permitted exploration of the few water layers closest to
the material surface, which have confirmed the presence of
icelike layers.3-5 Because of the compelling nature of these
observations, the field’s emphasis has focused on those intimate
layers, while interest in possible long-range effects, not ad-
dressed by those methods, has dwindled.

A notable exception is the work of Green and Otori,6 which
considered whether such long-range effects might be responsible
for the biological phenomenon known as the “unstirred layer”.
Surrounding many biological tissues is a zone of extremely slow
diffusion extending up to hundreds of micrometers from the
surface.7 Postulating some role of extended near-surface water,
Green and Otori exposed biological tissues and gels to micro-
sphere suspensions and found that the microspheres were
excluded from regions on the order of 200 to 300 µm from the
respective surfaces, speculating that some feature of near-surface
water might be different and might thereby account for the slow
diffusion.

More recently, a series of systematic studies confirmed and
extended these observations. The first experiments largely
duplicated those of Green and Otori (which had been unknown
to the authors at the time) with different surfaces. Thus, aqueous
microsphere suspensions were exposed to hydrophilic gel
surfaces, and the microspheres were excluded from zones
extending 100-200 µm from the respective surfaces. Multiple
controls were tested for possible artifacts, and all results were
negative for artifact or trivial explanations.8

Subsequent studies confirmed profound exclusion of micro-
spheres from a series of hydrophilic surfaces and went on to
show that it was not only microspheres that were excluded but
also various small molecules; hence, the zone of exclusion,
labeled hereafter as the “exclusion zone” or EZ, appeared to
behave much like an ordered liquid that broadly excluded many
molecules.9 By various physical chemical methods, this zone
was further shown to be both more stable and more ordered
than bulk water, albeit less ordered than the icelike zones of
the first few layers immediately adjacent to the surface.9 (An
example of such an EZ is shown below in Figure 2A.)

A notable feature of the EZ is its negative charge. Micro-
electrodes placed within the zone showed large potential
differences relative to the water lying beyond, as high as
100-200 mV negative.10 Since the potential difference is
reckoned between contiguous water regions, the result impl-
ies charge separation within the water, and the question arises
as to where the energy might come from for driving such charge
separation and increased ordering. The fact that the more ordered
zone is as large as it is implies that substantial energy might be
required, well beyond that available from ordinary surface
energy. The question of energy source is the focus of the studies
reported here.

Materials and Methods

Sample Preparation. The hydrophilic substances used in the
experiments included Nafion tubing (TT-050 with 0.042 in.
diameter, Perma Pure LLC) and Nafion 117 per-fluorinated
membrane (0.007 in. thick, Aldrich). Before use, they were
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immersed in deionized water for 10 min. All experiments were
carried out at 22-23 °C and in a dark room to minimize
background noise.

All experiments used deionized water, which was obtained
from a NANOpure Diamond ultrapure water system. The purity
of water from this system is certified by a resistivity value up
to 18.2 mΩ · cm, which exceeds ASTM, CAP, and NCCLS type
I water requirements. In addition, the deionized water was passed
through a 0.2-µm hollow fiber filter for ensuring bacteria- and
particle-free water.

Polybead carboxylate microspheres (2.65% solids-latex, Poly-
sciences Inc.), hydrophilic silica microspheres (SiO2, Poly-
sciences Inc.), and sulfate microspheres (2.65% solids-latex,
Polysciences Inc.) were used to delineate the extent of the
exclusion zone. The volume fractions of these aqueous micro-
sphere suspensions were set to 1 to 500.

pH Measurements. Two types of pH measurement were
carried out: one using miniature pH probes for tracking the time
course of pH change at various distances from the Nafion
surface; and another for measuring the pH distribution as a
function of distance from the Nafion surface.

For the former, a micro pH probe (catalog no.: PHR-146U,
Lazar Research Laboratories, Inc., Los Angeles, CA) connected
to a standard pH meter (catalog no.: 6230N, Jenco, San Diego,
CA) was used to measure local pH. A 1-cm-high chamber was
built with floor dimension 1 cm × 4 cm. The floor was fully
covered by a sheet of Nafion. Distilled, deionized water (5 mL)
was added slowly enough to avoid disturbing the Nafion sheet.
The pH probe was then lowered to the desired height (1, 5, or
10 mm above the sheet), and pH readings were taken at 5 s
intervals.

For the pH-dye experiments, a thin 75 mm × 1 mm Nafion
film (Sigma Aldrich, Inc.) was first cut and glued at the base of
a chamber made out of standard microscope slides. The glass
chamber had a 75 mm × 1 mm base and height of 25 mm.
Standard pH dye (Sigma Aldrich) was then diluted per
manufacturer’s recommendation and poured slowly into the
chamber. The local pH change next to Nafion was recorded
using a charge coupled device (CCD) camera (Scion Corpora-
tion) and image.

Effects of Radiant Energy. A Zeiss Axiovert-35 microscope
was used for all observations. A high-resolution single chip color
digital camera (CFW-1310C), well-suited for bright-field and
low-light color video microscopy, as well as for photo docu-
mentation was used for color imaging. It has a pixel resolution
of 1360 × 1024 with a dynamic range of 10 bits. The CCD
sensor of that camera employs the widely used Bayer color-
filter arrangement.

Two types of chamber were used. The first was made using
a thin cover glass stuck to the bottom of a 1-mm thick cover
slide with a 9-mm circular hole in the center; that chamber was
used for experiments with Nafion tubing. The second was the
same except that the hole was a rectangle of length 3.15 cm ×
width 1.2 cm × height 1.5 mm, which was for experiments
with Nafion membrane, secured with a “microvessel” clip to
stand up in the middle of the chamber (0.75 × 4-mm jaws,
World Precision Instruments).

Light Source and Incident Power Measurement. For
sample illumination, a series of LEDs were used. Infrared LEDs
(Gistopics) came in TO-18 packages with parabolic reflectors
for reducing the beam-divergence angle. For the visible range,
the LED Φ5 series (Nichia) was used. And, for illumination in
the UV region, we used LED NSHU590 (Nichia) emitting at
365 nm, and LEDs UVTOP 265 and UVTOP 295 (Sensor

Electronic Technology) encapsulated in metal-glass TO-39
packages with UV-transparent hemispherical lens optical win-
dows, emitting, respectively, at 270 and 300 nm. All LEDs were
driven at 2 kHz by a Model D-31 LED driver (Gistoptics).
Output power was regulated for consistency using a Newport
1815-C optical power meter with Newport 818-UV, 818-SL,
and 818-IR probes.

To obtain an incident beam of small diameter, a pinhole 50
µm in diameter and 0.25 mm thickness (Edmund Optics) was
used. An integrated holder was built to keep the pinhole and
LED together as a single unit, the LED positioned as close as
possible to the pinhole. In order to maximize incident power,
the unit almost touched the chamber’s edge.

Temperature Measurements. To measure the temperature
at various points within the chamber, an OMEGAETTE
datalogger thermometer HH306 with compact transition ground-
junction probe (TJC36 series) was used. This is a compact dual-
input thermometer whose stainless steel-sheathed probe is small
enough (250 µm) to fit within the EZ. Its range extends from
-200 to 1370 °C ( 0.2% and its resolution is 0.1 °C. The
datalogger can store up to 16 000 records at programmed
intervals as short as once per second.

Results

Initial experiments followed earlier studies8-10 showing a
negatively charged EZ. A lingering question was whether the
negative charges of the EZ might be balanced by complementary
positive charges beyond the EZ, namely by protons or hydro-
nium ions.

To explore this possibility, the time course of pH change in
the vicinity of Nafion was measured. Figure 1A shows that as
the EZ was built, the pH in the zone beyond went sharply
downward; it then recovered to a value lower than the initial
value. Farther from the Nafion surface, the phasic downturn
began later. The results implied a wave of protons emerging
from the direction of the EZ, leaving the water at lower pH
than prior to the time the EZ had begun building.

To confirm and extend these pH measurements to longer
distances, pH-sensitive dyes were added, and the results are
shown in Figure 1B. The clear zone just above the Nafion
surface implies that the pH-sensitive dyes are excluded from
the EZ. Beyond the EZ, the color is red-orange, indicating a
pH less than 3. Farther from the Nafion, the pH was lower than
the Nafion-absent control, and eventually, at 10 mm from the
Nafion surface and beyond, pH values were similar to controls.
Hence, the results imply that the zone beyond the EZ is indeed
populated by abundant protons that appear to be associated with
EZ buildup.

A clue for the source of energy for EZ buildup came after
having inadvertently left the experimental chamber on the
microscope stage overnight. The EZ size had diminished
overnight; but after turning on the microscope lamp to full
intensity, the EZ size began to increase, restoring itself within
minutes to its former size, ∼300 µm. With preliminary evidence
that light could expand the EZ, we investigated systematically
whether the energetic source for EZ buildup might indeed be
radiant energy.

Liquid water absorbs strongly at wavelengths of 2.9-3.25
µm, which corresponds to the fundamental O-H stretching
mode.11-13 In this spectral range, the most accessible com-
mercially available source was an LED radiating at 3.1 µm with
full width at half-maximum (fwhm) of 0.55 µm; hence, the first
light source used was LED31-PR.
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Nafion tubing was suffused with a 1-µm carboxylate-
microsphere suspension with a 1:500 volume fraction, to a depth
of ∼1 mm. The chamber was made using a thin cover glass
stuck to the bottom of a 1-mm thick cover slide with a 9-mm
circular hole cut in the center and was placed on the stage of
the microscope. A pinhole was used to obtain an incident beam
of restricted diameter. A fabricated holder integrated the pinhole
and LED into a single unit with the LED mounted close to the
pinhole. The LED-pinhole axis was vertically oriented.

Basic Observations. The baseline EZ size was first estab-
lished before measuring IR-induced EZ expansion. The sample
was prepared and initially left in the dark. Once enough time
had passed for the EZ to stabilize, approximately 5 min, the
microscope lamp was turned on briefly to take photomicrographs
showing the baseline EZ size. The EZ size after IR irradiation
was compared to this baseline size to compute the expansion
ratio in each run.

To minimize any effects of microscope illumination on EZ
size, the microscope lamp was turned on only when necessary

for visualizing the EZ, and then immediately turned off. A green
filter with a sharp peak at 550 nm was used to further minimize
incident radiation. Immediately following the baseline measure-
ments, the incident IR source was turned on. Optical power
output was 33 µW, and the estimated power incident on the
sample through the pinhole was ∼2.4 nW. After 5 min of
exposure, the IR LED assembly was removed and the EZ was
immediately photographed through the microscope. From the
representative records shown in Figure 2, it is apparent that even
with modest IR exposure, the EZ grew to approximately three
times its control size.

Aware of the potential for contamination by even brief
microscope-light illumination, appropriate controls were carried
out. The sample was left for 5 min with and without the
microscope light turned on. The intensity of incident light was
kept the same as in all other experiments, including the green
filter. The EZ size was 280 ( 24.1 µm with light and 260 (
13.3 µm without (n ) 5). Hence, even with microscope
illumination of a far longer duration than in actual experiments
(5 min vs several seconds), the effect on EZ size was modest.
Apparently, the extensive expansion effects observed were due
solely to the incident IR radiation.

Figure 1. (A) Time course of pH change following addition of water
to Nafion sheet. Values of pH were measured at 5 s intervals using a
miniature pH probe positioned at three distances from the Nafion
surface, as indicated in the legend. A wave of protons is generated as
the EZ forms, giving lower pH. At a distance of 1 mm, the pH drop
transiently exceeds 3 pH units, which represents a H+ increase in excess
of 1000 times. (B) Chamber containing Nafion tube (bottom) filled with
water containing pH-sensitive dye. The view is normal to the wide
face of a narrow chamber. The image obtained 5 min after dye-
containing solution was added to Nafion. The red color indicates pH <
3; the colors above indicate progressively higher pH levels, with near
neutrality at the top.

Figure 2. EZ in control experiment (A) and after 5 min of exposure
to light from LED31-PR (B). EZ denotes the region in which
microspheres are absent. The approximate size of the incident beam is
shown in panel B.
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We also tracked the EZ width’s time course. This was carried
out not only with the 3.1-µm source, but also with the 2.0-µm
and 1.75-µm sources (fwhm ) 0.16 and 0.18 µm, respectively).
For the latter two sources, intensities were maintained at
approximately 190 µW; but for the 3.1-µm source, power was
kept at the maximally attainable value, 33 µW.

During a 10-min exposure at all three wavelengths, EZs
continued to expand approximately linearly (Figure 3A). The
largest effect was seen at 3.1 µm, despite lower incident power.
To determine whether the EZ continues to expand beyond the
10-min exposure, the 3.1-µm source was left on at the same
intensity as above for up to 1 h. The ratios increased from 3.7
( 0.10 (10 min) to 4.7 ( 0.12 (30 min) and to 6.1 ( 0.17 (1
h), respectively. Hence, the EZ continues to expand with
continued exposure for up to at least one hour. Longer durations
were deemed unreliable, as evaporation became noticeable;
hence measurements were suspended.

Postillumination EZ-size dynamics were examined as well.
When the infrared light was turned off after 5 min of exposure,
the EZ width remained roughly constant with fluctuations for
about 30 min; then, it began decreasing noticeably, reaching
halfway to baseline levels in typically ∼15 min.

To determine the effect of beam intensity on EZ expansion,
the 2-µm source was employed at three power levels, 0.21, 0.34,
and 1.20 mW. The rate of EZ expansion increased with an
increase of incident power (Figure 3B).

The results of Figure 3A and B show that, at a given
wavelength, EZ expansion is a function of both time and
intensity. Hence, EZ growth depends on the cumulative amount
of incident energy induced charge separation.

To test whether the expansion might arise out of some
unanticipated interaction between the incident radiation and the
particular type of microsphere probe, microspheres of different
size and composition were tested. For carboxylate microspheres
of diameters 0.5, 1, 2, and 4.5 µm at the same volume
concentrations (1:500), mean expansion ratios for 5 min of
exposure of 3.1-µm radiation were the following: 2.41, 2.97,
3.08, and 3.34, respectively (n ) 6). For 1-µm microspheres
made of carboxylate, sulfate, and silica under conditions the
same as above, expansion ratios were 2.97, 3.10, and 1.50.
Hence, some material-based and size-based variations are
notedsthe latter arising possibly because of different numbers
of particles per unit volumesbut appreciable radiation-induced
expansion was nevertheless seen under all circumstances and
with all materials. Hence, the existence of the light-induced
expansion effect is not material-specific.

We also explored the effect of IR illumination at different
depths relative to the water/air interface. Interestingly, EZ
expansion was observed well below the water surface. This
result is unexpected given the previously reported short penetra-
tion depth of IR in water.14,15 Nevertheless, IR effects extending
far beyond the expected penetration depth have been reported
and attributed to coherent energy redistribution of IR-induced
excitation of surface layers via pressure waves.16,17 A more
systematic time-correlated approach will be needed to determine
whether any such mechanism might apply here.

Controls for Temperature. Infrared absorption in water
causes a temperature elevation. Hence, we considered the
possibility that the expansion might arise from an appreciable
increase of chamber temperature. To measure local temperatures,
an OMEGAETTE datalogger thermometer HH306 was used,
with a stainless-steel-sheathed, compact transition ground-
junction probe (TJC36 series), small enough (250 µm) to fit
within the EZ. With the incident beam positioned to elicit the
maximum expansion, i.e., centered 175 µm from the Nafion
surface, the measured temperature increases are shown in Table
1. Radiation-induced temperature increases were modest at all
positions and fairly uniform over the chamber. We also found
little temperature variation with depth, implying that the thermal
mass of the probe itself, immersed by varying extents for
measurements at varying depths, did not introduce any serious
artifact.

Further to this point, we recorded the dynamics of temperature
rise. The temperature increase occurred steadily, reaching a
plateau of ∼1 °C at 10-15 min after turn-on. This plateau was
attained at a time that the EZ continued to expand (Figure 3A
and associated text). Hence, not only was the temperature
increase modest, but also the time course of temperature rise
and EZ expansion were not correlated.

Spectral Analysis. A principal objective was to determine
EZ-expansion’s spectral sensitivity. The experimental setup was

Figure 3. (A) EZ expansion as a function of exposure time, for three
IR sources (lower power for LED31-PR). (B) EZ expansion ratios as
a function of time during 10 min exposure at different intensities using
LED20-PR.

TABLE 1: Temperature Increases Measured at Different
Distances from the Nafion Surface after 10 min of Exposure
to 3.1-µm Radiation (n ) 3)

distance from Nafion mean temperature increase

175 µm 1.1 °C
250 µm 0.91 °C
350 µm 0.92 °C
4 mm 0.91 °C
6 mm 0.92 °C
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similar to that described above. The ∼200-µm wide light beam
emerging from the pinhole was directed to the middle of EZ,
and expansion was measured 300 µm below solution surface.
For the UV and visible sources, maintaining consistent optical
power output at all wavelengths was achievable within (10%
by adjusting the driver current. But IR sources were considerably
weaker; hence, output power was maintained at a lower level,
3 orders of magnitude lower than in the UV-visible ranges.
Spectral results are therefore plotted separately.

For UV and visible ranges, all incident wavelengths brought
appreciable expansion (Figure 4A). The degree of expansion
increased with increasing wavelength, the exception being the
data point at 270 nm, which was higher than the local minimum
at 300 nm. The higher absorption may reflect the signature
absorption peak at 270 nm characteristic of the EZ.18 Clear
wavelength sensitivity was also found in the IR region, the most
profound expansion occurring at 3.1 µm (Figure 4B). Recogniz-
ing that the optical power available for use in the IR region
was 1/600 of that in the visible and UV regions, one can assume
that with comparable incident power, the IR curve would shift
considerably upwardscontinuing the upward trend evident in
Figure 4A. Hence, the most profound effect is in the mid-IR
region, particularly at 3.1 µm.

Discussion

The most significant result of this study is that the near-surface
exclusion zone expands extensively in the presence of incident

radiant energy. That is, growth of this more ordered, negatively
charged zone is dependent on incident electromagnetic energy.

A secondary result is that growth of this negatively charged
zone is associated with buildup of a zone of high proton
concentration beyond (Figure 1). Those protons or hydronium
ions may facilitate the current flow that can be observed through
an external load connected between electrodes placed in the
EZ and the zone beyond.19

Regarding the light-dependent EZ expansion, the overall
spectral sensitivity of expansion (Figure 4) follows closely the
spectral sensitivity of water absorption. In both cases, there is
an overall minimum in the near-UV region, plus a local
maximum at 2.0 µm, and a peak in the vicinity of 3.1 µm. If
not by coincidence, then a connection is implied between IR
absorption and EZ expansionsalthough the linkage is apparently
not through temperature increase, which was both modest and
temporally uncorrelated. Further to this point, increasing the
bath temperature actually diminishes EZ size (unpublished
observations). Hence, the effect of incident electromagnetic
energy is apparently nonthermal.

Mechanistic Considerations. One question is how radiant
energy could augment EZ size. This question rests on the more
basic question of the energy responsible for the original EZ
buildup, because buildup and augmentation may be driven from
the same energetic source. It is apparent from the data of Figure
4 that mid-IR has a significantly more profound impact than
other regions of the spectrum. Since infrared energy is consis-
tently available under ambient conditions, IR energy is likely
to be the major agent responsible for both the initial buildup
and the augmentation.

To build the EZ, bulk water must undergo some kind of
change. We found that as the negatively charged EZ builds,
the concentration of protons in the region beyond the EZ
likewise builds. Hence, it appears that the mechanism involves
radiant energy-induced splitting of bulk water into negative and
positive entities. The negative entity forms the ordered EZ, while
the positive entity distributes itself broadly over the bulk. The
negative-positive combination forms a battery-like entity,
fueled by radiant energy.

While the energy of an IR photon is generally considered
lower than the dissociation energy of the O-H bond, some
dissociation of water occurs even under ambient conditions; i.e.,
the dissociation constant of water, Kw ) [H+][OH-], underlies
all pH measurement, and implies that there is some dissociation
even under ambient conditions. Incident IR would merely
augment the naturally occurring dissociation. Once dissociateds
either through excitation via ambient IR exposure or augmented
IRsthe negatively charged component would then go on to form
the more ordered EZ.

IR-induced reorganization of water is not a new result; IR-
induced clathrate formation in liquid water has been reported
previously.20,21 Another study found an unexpectedly low energy
required to delocalize a proton between two neighboring water
molecules of liquid water when in the second excited state of
O-H stretch vibration; this energy corresponds to less than 20%
of the energy for dissociating the water O-H bond in the gas
phase.22 Hence, there is precedent for IR-induced molecular
rearrangement in liquid water.

The question then becomes: by what mechanism does such
ordering take place? Classical thermodynamics prohibits splitting
of water by IR due to the low energy of an IR photon. On the
other hand, quantum mechanical considerations of liquid water,
along with IR and Raman spectra, imply that mid-infrared
radiation corresponding to the fundamental OH stretch has

Figure 4. (A) Exclusion-zone expansion ratio under illumination for
5 min in the UV-vis spectral region. (B) Exclusion-zone expansion
ratio under illumination for 5 min at IR wavelengths.
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strong resonant effects on water, thereby resonantly exciting
the system’s vibrational energy. Several studies have reported
a vibrational excitation that reorganizes hydrogen-bonded liquid
water. These studies show the formation of ion-pair-state
(H+ · · ·OH-) water clusters following mid- and near-IR irradia-
tion resonant to the fundamental and fourth harmonic of the
O-H stretch.16,17,23 Thus, the IR-induced dissociation of water
implied here has both precedent and physical rationale, although
the exact mechanism is not yet worked out.

In summary, the long-ignored issue of extensive near-surface
water ordering may be slightly less enigmatic than thought. The
present studies make clear that the buildup of this more ordered
near-surface zone involves charge separation and that the
underlying energy source is incident radiant energy. Interest-
ingly, the wavelengths most responsible for building this zone
are the very wavelengths most strongly absorbed by water.
Hence, in a more general context, it may be that a good fraction
of the electromagnetic energy absorbed by water is used to build
order and separate charge.
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7.� INTRODUCTION

Water molecules contiguous with hydrophilic interfaces are organized into 
ordered arrays. Such ordering is thought to project out by several molecular 
layers from the interface, the molecules lying beyond them undergoing 
thermal motion intense enough to preclude much additional ordering. Hence, 
beyond those few layers, water molecules are widely considered to lie within 
the bulk [1].

On the contrary, recent findings imply that some degree of ordering may 
project out from the surface by up millions of water layers or more [2, 3]. 
Much of the evidence and rationale for this view is presented in a recent award 
lecture: http://uwtv.org/programs/displayevent.aspx?rID=22222 (contents 
outlined and reviewed in http://www.i-sis.org.uk/liquidCrystallineWater.
php), where the reader may obtain a deeper appreciation for the basis of 
these claims.

The core observation is a counterintuitive surprise: colloids and solutes of 
varied size are profoundly excluded from the region adjacent to hydrophilic 
materials. The EZ commonly extends up to hundreds of micrometers from 
the surface. An example is shown in Fig. 7.1.

Water: The Forgotten Biological Molecule
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Figure 7.1  Solute exclusion (EXCL) in the vicinity of polyacrylic acid gel. The gel runs 
vertically. The blurred vertical white element to the right of “gel” is an optical artifact. 
The gel was placed on a coverslip, superfused with a suspension of 1 µm carboxylate-
coated microspheres, and observed in an inverted microscope equipped with a 20x 
objective. The image was obtained 20 min after superfusion. Microspheres (seen on 
the right edge) undergo active thermal motion but do not enter the exclusion zone.

These core observations are largely detailed in two papers [2, 3]. The first 
deals with the question of whether the finding of long-range exclusion may 
have some trivial explanation. Plausible candidates were tested and ruled out 
by an extensive series of controls. Since then, multiple groups have informally 
tested and confirmed the basic finding, which is easily replicable using any 
of a wide range of hydrophilic surfaces, both biological and nonbiological. 
In fact, a similar result had been published four decades ago: in addressing 
the origin of the so-called “unstirred layer” adjacent to biological tissues—a 
region where mixing is known to be extremely slow—Green and Otori (1970) 
showed in both corneal tissue and contact lenses that the unstirred layer 
excludes microspheres; EZs several hundred micrometers wide were found, 
essentially the same as that in Fig. 7.1 [4].

Hence, there is little question of the existence of unexpectedly large EZs 
next to hydrophilic surfaces. The question is what such zones might mean, 
and the second paper [3] shows that the physical–chemical properties of 
the EZ differ from those of bulk water. Four sets of results were presented: 
nuclear magnetic resonance rotational relaxation time is shorter in the EZ 
than in bulk water, indicating a decreased degree of freedom of EZ water; 
infrared radiation from the EZ is less intense than from bulk water, indicating 
increased stability of this zone; potential gradients exist in the EZ but not 
in bulk water; and ultraviolet–visible spectroscopy absorption spectra are 
markedly different in the EZ relative to bulk water.
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Hence, four independent approaches show that EZ water differs from the 
water beyond the EZ. Collectively, these approaches imply that EZ water may 
well be more ordered than, and more stable than, bulk water. This difference 
in physicochemical properties is what appears to lead to the observed 
exclusion of solutes.

Here we extend these findings in four ways. We explore the possibility of 
ultra-long-range EZ propagation and find examples extending in length up to 
1 m. We then examine the chemoelectrical features, finding charge separation 
that is intimately associated with the EZ. We also consider the viscosity of 
the EZ relative to that of bulk water and find it is much higher. And, finally, 
preliminary differential interference contrast data show birefringence at the 
Nafion–water interface extending up to hundreds of micrometers.

7.�  METHODS

For experiments on long-range EZs, a meter-long glass tube, 2.5 cm in diameter 
was used. A polyacrylic acid gel (or Nafion sheet) was secured with a pin to 
the inside of a rubber stopper that sealed one end of the tube. The other 
end of the tube was sealed with another rubber stopper. The tube was filled 
with a suspension of 0.45 µm–diameter carboxylate-coated microspheres 
in deionized high-performance liquid chromatography–grade water from a 
Barnstead Nanopure Diamond unit (Model D11931) and held horizontally.

For the pH experiments, a universal pH indicator dye (Sigma #36803) 
was added to the water at the recommended concentration.

For the viscosity experiments, falling-ball viscometry was used. To track the 
descent of spheres, a chamber with transparent glass walls was constructed 
using ordinary 1 mm thick, 50 × 73 mm glass microscope slides held apart by 
1 mm glass spacers, which formed the sides of the chamber. Epoxy glue (Cat. 
#14250, Devcon, MA) was applied around the resulting boxlike chamber to 
prevent water leakage. At the bottom of the chamber, we glued either a sheet 
of Nafion (Sigma-Aldrich #274674) or, as a control, a strip of aluminum or 
steel, which generated little or no EZ. Polystyrene microspheres, 5, 10, and 15 
µm diameter (Bangs Laboratory, Cat. #5623, 6955, 6716, respectively) were 
used as falling balls. These spheres are nearly neutral, thereby minimizing 
any electrostatic interaction among the spheres.

To carry out experiments, the chamber was first filled with deionized 
water (see earlier). To make sure that the Nafion was fully hydrated, the 
microspheres were added several minutes after the chamber had been filled. 

A small loop, diameter ~600 µm, was constructed out of a 100 µm–
diameter copper wire for suspending microspheres into the chamber. By 

Methods
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dipping the loop into the prepared microsphere suspension, it was possible 
to obtain a thin film of microsphere suspension (<0.5 μL) containing only a 
few microspheres. This loop was then dipped into the top of the chamber. 
Typically 10–20 microspheres were seen to descend.

As microspheres descended, downward displacement was tracked using 
a Nikon bright-field microscope with a 5x objective (Model 76023) and a 
Scion CCD digital camera (Model CFW-1310C). A green light-emitting diode 
(Phillips Luxeon R5JG) with a narrow localized peak at 530 nm was used as a 
light source. Minimizing intensity tended to minimize thermal convection. To 
compute the vertical component of descent (some sideways motion was often 
present), screens showing 1,200 µm high zones were examined using ImageJ 
at one frame every five seconds, and velocity was computed. This was done at 
a series of heights—4,800, 3,300, and 1,800, 1,000, 500, 200, 100, and 50 µm. 
Five runs were made at each height for microspheres of each size.

Polarizing microscopy was used to examine birefringence at the Nafion–
water interface. A Nafion 117 film (Aldrich, Inc.) was placed in a 1 mm 
thick water chamber made of two 0.17 mm thick coverslips. The chamber 
was observed with a 5×/0.12NA objective lens with a maximally reduced 
condenser NA. Five raw polarization images were captured with an LC-
polscope (CRI, Woburn, MA) and processed using a five-frame algorithm [5].

7.�  RESULTS AND DISCUSSION

7.�.�  Character of Exclusion Zones

The simplest way of envisioning a stable, ordered array is to consider it in 
terms of a liquid crystal, in which molecules show more alignment than a 
liquid but less than a solid. Like crystals of ice, liquid crystals of water could 
be expected to exhibit growth in any and all directions. If the EZ is liquid 
crystalline, then it is expected that growth would not necessarily be confined 
to the zone adjacent to the nucleating surface, as in Fig. 7.1. Under appropriate 
circumstances such as geometrical asymmetry, growth could be directed 
elsewhere, in odd and perhaps unpredictable directions.

Figure 7.2a shows a segment of a ribbon-shaped solute EZ that grew to 
extend the full length of a meter-long glass tube. A polyacrylic acid gel was 
positioned at one end, and the tube was filled with a microsphere suspension. 
Initially, a disklike EZ grew uniformly from the face of the gel surface; 
within 10 minutes it extended ~1 mm into the aqueous phase. The entire 
microsphere-free zone then shifted upward along the gel surface, creating a 
surge into the microsphere-containing zone. At or near the top of the surge, 
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a thin ribbon of EZ began growing into the aqueous phase, parallel to the 

tube’s axis (Fig. 7.2b). After several hours this ribbon extended the entire 

length of the meter-long tube and persisted indefinitely (i.e., for at least the 
maximum observation time of two weeks). During this time, microspheres 

undergoing rapid thermal motion just outside the ribbon failed to penetrate 

into the ribbon, and the ribbon retained its integrity.

 

Figure 7.2 (a) Section of exclusion “ribbon” running along the length of a cylindrical 

tube, nucleated at the surface of the polyacrylic acid gel beyond the left side of the 

panel. The tube was filled with a solution containing distilled water and 15 drops 
of stock solution of 0.45 µm–diameter carboxylate-coated microspheres, yielding an 

estimated concentration of 6 × 10
8

 microspheres per ml. (b) Top view of the chamber 

showing the wedge-shaped origin of the exclusion ribbon. The wedge grows out of 

the original disc-shaped exclusion zone adjacent to a polyacrylic acid gel surface. The 

prominent white object on the left is a pin used to hold the gel against the stopper.

The ribbon did not grow by adding to its tip but apparently by adding 

from its origin near the gel’s surface. This supposition came from the 

behavior of ribbon defects, which maintained both their shapes and their 

distances from the tip while translating away from the originating surface. 

Generally, the ribbon remained almost linear, focusing itself along a line that 

formed the upper edge of the cylindrical tube, although in one out of six 

cases, the ribbon formed elsewhere. An alternative chamber with a square 

cross section was made of acrylic sheets. In this case several ribbons formed 

simultaneously, mainly but not always along the top surface. These latter 

ribbons were typically wavy wisps, sometimes branched, and undergoing 

seemingly random fluctuations. Fluctuations notwithstanding, the structure 
maintained itself. Ribbon character did not appear to depend on whether it 

was nucleated by the polyacrylic acid gel or by a similarly positioned sheet of 

Nafion, a hydrophilic ionomer.
Occasionally, ribbonlike structures could also be seen in the absence 

of a nucleating surface. These structures were generally shorter, thinner, 

and less predictably evident than the ones above and could be seen only in 

Results and Discussion
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situations in which microsphere stock had been freshly diluted immediately 

before use. These structures may be analogous to the solute-free “voids” seen 

in pure microsphere suspensions [6, 7]. Such voids were stable, and were 

amorphously shaped, with a characteristic dimension on the order of 100 

µm. Possibly the more extended shapes seen here reflect the long chamber 
geometry in the present studies.

The evidence depicted in Fig. 7.2 (similar when the gel or Nafion was 
replaced by a hydrophilic monolayer) confirms that the EZ is a distinct 
phase, coexisting with the ordinary solute-containing phase. Microspheres 

undergoing active thermal motion just outside the ribbon phase do not 

penetrate into the ribbon, even for several weeks. Phase coexistence of 

colloidal suspensions of differing composition is well recognized [8], as is 
phase coexistence of mixtures of microsphere solutes of different size [9]. The 
current experiments show similar phase separation, one phase containing 

colloidal solutes, the other not.

The existence of the ribbonlike extensions is consistent with liquid 

crystalline behavior. Growth can be anticipated in multiple directions for 

extended distances; this is what was observed. On the contrary, the presence 

of such ribbons does not seem compatible with the alternative hypothesis 

that the EZ is created by some kind of electrostatic repulsive force between 

the gel–polymer surface and the microspheres, for meter-long extensions are 

difficult to envision under such a hypothesis, as electrostatic force diminishes 
as the square of distance. These apparently liquid crystalline structures, as 

mentioned, are quite stable over long periods of time, reinforcing the idea of 

some kind of crystal.

7.3.2	 Charge	Separation

A significant aspect of the EZ is its negative electrical potential [3]. The 
potential is most negative next to the nucleating surface and diminishes 

toward zero at the EZ–bulk water boundary. The implication of the negative 

potential is that the EZ may contain a negative charge—which would not 

be surprising for a liquid crystalline array of molecules. But, if the EZ were 

negatively charged, then a positively charged counterpart ought to exist 

somewhere, and we considered whether the bulk water might have excess 

unbound protons.

Figure 7.3 shows an image of a narrow water-containing chamber with a 

Nafion sheet placed at the bottom. A universal pH indicator dye was added to 
the water in concentration as per the manufacturer’s recommendation. The 

Nafion sheet appears dark red because of local acidity. Just above and below 
the Nafion are clear zones, from which the dye is excluded in much the same 
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way as microspheres are excluded (see earlier). Above this EZ is a rainbow 
of colors, indicating a steep pH gradient. The red color indicates pH < 3; the 
colors above indicate progressively higher pH levels, with near neutrality at 
the top.

Figure 7.3 Chamber containing a Nafion tube (bottom) filled with water containing a 
pH-sensitive dye. View is normal to the wide face of a narrow chamber. Image obtained 
5 min after dye solution poured into chamber. 

A result similar to that of Fig. 7.3, but taken at a later time, is shown in Fig. 
7.4. Several features are of interest. First, the Nafion at the bottom is looped in 
several places; this results from expansion of the Nafion sheet as it hydrates. 
Second, the EZ projects nearly vertically, extending into the solution in several 
regions. The extensions are very much like those in Fig. 7.2. Of most interest is 
the fact that the red color surrounds each one of those projections, indicating 
a low pH even around the projecting entities. This implies that whether the 
EZ is closely adjacent to the nucleating surface or projects far away from it, 
a zone of high proton concentration surrounds it. Inevitably, a region of high 
proton concentration is juxtaposed next to the negatively charged EZ.

Figure 7.4  Similar to Fig. 7.3 but taken 20 min after the water with pH indicator dye is 
poured into the chamber. Note the exclusion zone growth perpendicular to the Nafion 
surface, surrounded by areas of low pH.

Results and Discussion



� Characteristics of Water Adjacent to Hydrophilic Interfaces

From the latter observation, it seems likely that the free protons come 
from the EZ water and not from the Nafion. Nafion is an ionomer, which is 
expected to conduct and donate protons. Compatible with this expectation is 
the image of Fig. 7.3, where a region of high proton concentration lies adjacent 
to the Nafion. The protons could have come either from the Nafion or from 
the EZ water next to the Nafion, and deciding between the two options is not 
possible from this experiment alone. However, Fig. 7.4 implies that it may well 
come largely from the water, for the vertically oriented high-proton zones 
are far from any Nafion-proton source. Rather, those zones lie immediately 
adjacent to EZ water.

Another difference between Figs. 7.3 and 7.4 is that in the latter image, 
the pH is lower overall; the image is dominated mainly by the red color, with 
green (neutral pH) virtually absent. The probable reason is that the image 
was obtained later, after the EZ had grown substantially and included many 
vertical projections. The substantially larger EZ volume implies a much larger 
release of protons, which would diffuse out to bulk water, lowering the pH 
overall and accounting for the largely red-looking image.

The results imply that negative and positive zones exist side by side. It 
would not be surprising if the release of protons were a necessary condition 
for creating the negatively charged EZ. The negative–positive configuration is 
much like that of a capacitor or battery. Indeed, we have found (unpublished 
data) that when electrodes are placed in the EZ and in the region beyond, 
sustained currents can be obtained. Such currents provide evidence of the 
presence of separated charges—the EZ being negative and the region beyond 
being positive.

7.�.� Time Course of Proton Discharge

To measure the time course of proton discharge, a miniature pH probe was 
positioned at each of a series of distances from the Nafion surface. At each 
distance, measurements were taken immediately after the water was added, 
recorded manually at 5-second intervals, for the duration of one minute or 
more. Representative results obtained from three sets of readings are shown 
in Fig. 7.5.

Consistent with the dye experiments, the pH value dropped rapidly and 
as a function of distance. At a distance of 1 mm, the pH drop was more than 3 
pH units, which represents an H+ increase in excess of 1,000 times. At larger 
distances the drop began progressively later and was of lower magnitude. 
Eventually, the pH at all three distances reached a similar value—reduced
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Figure 7.5 Time course of pH following addition of water to a sheet of Nafion. The 
pH was measured at three distances, indicated to the right, from the Nafion surface. A 
wave of protons appears to be generated.

considerably from the original water’s pH, seemingly as a result of diffusion 
of protons or hydronium ions released from the EZ. This result is similar to 
the result shown in Fig. 7.4 with the pH indicator dye: eventually, the solution 
pH diminishes substantially from its initial value, although the time scales 
may differ somewhat because of geometrical and other differences.

It appears from Fig. 7.5 that as the EZ builds, a wave of protons is 
generated and “pushed” outward, leaving the region beyond the EZ with a 
high concentration of H+. The time course and final level would be very much 
dependent on both the size and the shape of the container, as well as the 
exposed area of the nucleating surface. Indeed, in some instances we could 
find pH values that on occasion fell to stable values as low as 2 or 1 with gels 
that occupied the majority of relatively small chambers.

7.�.� Viscosity

The EZ’s liquid-crystalline-like nature implies a cohesiveness among 
constituent elements, which in turn implies that the ensemble should have 
higher viscosity than bulk water. To test this expectation, we used falling-
ball viscometry. A strip of Nafion was glued to the bottom of an experimental 
chamber, which was filled with water. The velocity of the descent of spheres 
was tracked to determine whether the spheres might slow down as they 
descended into the EZ. 

Results and Discussion
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Representative results are shown in Fig. 7.6. A reduction of velocity near 
the Nafion surface was found for both the 10 and 15 µm spheres. For the 5 
µm spheres the fall was most pronounced, reaching a value less than 0.01 
µm/sec at heights less than 1,000 µm.

From the values of velocity, it was possible to compute the viscosity from 
the simplified version of the Navier–Stokes equation. Thus,

Figure 7.6  Velocity as a function of height above the Nafion surface, for 5, 10, and 15 
µm–diameter polystyrene microspheres.

 VS ( y) =   2 __ 9     
r2 g( rP – rf) __________ h     

 _
 › y  

Here Vs is the particle’s settling velocity (m/s), r is the Stokes radius of the 
particle, g is the gravitational acceleration, ρP is the density of the particles, ρf 
is the density of the fluid, and h is the fluid viscosity. For simplicity, nonlinear 
convective forces were not considered and fluid density was assumed 
constant. It was also assumed that the microspheres were falling at their 
terminal velocity.

Results are shown in Fig. 7.7. Note that computed viscosity increases 
markedly near the Nafion surface. By contrast, results of Fig. 7.8 show that 
the near-surface viscosity increase is absent for substances that have little 
or no EZ. Hence, the EZ is considerably more viscous compared with regions 
next to non-EZ-generating surfaces.
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Figure 7.7  Computed viscosity as a function of distance from the Nafion surface for 
5, 10, and 15 m m–diameter polystyrene microspheres.

  

Figure 7.8 Computed viscosity as a function of distance from the surface for 5, 10, 
and 15 μm–diameter polystyrene microspheres, for aluminum, glass, and stainless 
steel.

Results and Discussion
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7.�.�  Polarizing Microscopy

The possible liquid crystalline nature of EZ was further explored by 
measuring birefringence of the water near the Nafion surface using 
polarizing microscopy. Preliminary experiments have been carried out in 
the laboratory of Michael Shribak at Woods Hole, and the results are shown 
in Figs. 7.9a,b. 

Figure 7.9 (a) Birefringent zone (bright) extends approximately 200 μm from the 
Nafion surface. The lines indicate the direction of the highest refractive index. Nafion 
sample covered by grey. (b) Optical retardation near Nafion–water interface.

A few interesting features are shown in Fig. 7.9a, which should be 
considered preliminary. The image brightness is linearly proportional to 
retardance, where the white level corresponds to 3 nm. The Nafion film itself 
is very birefringent; it introduces retardance of about 160 nm, which is beyond 
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of the chosen grey scale. This is expected inasmuch as interfacial water is 
caged within the polymer. Perhaps, the more striking feature appears in the 
aqueous zone next to the Nafion. The interfacial water shows a birefringent 
zone with smoothly diminishing retardation extending out to about 200 µm 
from the edge of the Nafion (Fig. 7.9b). The dimension observed here matches 
nicely with the size of the EZ measured with other methods. 

Another interesting finding lies in the direction of the slow axis shown in 
Fig. 7.9a. It was observed that the slow-axis direction within the EZ always 
followed the slow-axis direction of the Nafion, independent of the orientation 
of the Nafion edge. This implies a continuity between the water in the Nafion 
and the water in the EZ.

7.� CONCLUSIONS

A near-hydrophilic aqueous zone, first identified on the basis of its proclivity 
to exclude solutes, shows characteristics of a liquid crystal. Previous 
observations have shown this zone to be more stable than bulk water [3], 
while current observations show that the zone not only exists contiguously 
with the nucleating surface, but it may also project out like stalactites, to great 
distances. This is one of the characteristics of crystals.

Furthermore, this liquid-crystal-like zone is negatively charged; this was 
shown earlier [3]. It is apparent from the present results (Figs. 7.4 and 7.5) 
that this negatively charged zone is contiguous with a region rich in protons 
and hence positively charged. This juxtaposition of negative and positive is 
apparent whether the EZ lies contiguously with the nucleating surface or 
projects out at right angles to that surface. 

A possibility, then, is that the negatively charged, liquid crystalline zone 
arises from bulk-water molecules that are reorganized into positive and 
negative entities. The negatively charged species would coalesce into the stable, 
cohesive liquid-crystal-like structure making up the EZ, while the positive 
entities would remain in the bulk, free to diffuse as protons, hydronium ions, 
or other large-scale positively charged water-based structures. The negative 
entity is stable, while the positive entity is free to diffuse.

As anticipated for a liquid crystalline substance, the viscosity is 
considerably higher than that of bulk water. The data of Figs. 7.6–7.8 
show viscosity that is an order of magnitude larger than in the vicinity of 
nonexcluding surfaces. The increased viscosity of EZ water may help explain 
the gel-like character of the cell and of various gels, where interfacial water 
is commonplace. If EZ water is present in abundance in these entities, then 
their macroscopic mechanical behavior would be more like that of a liquid 
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crystal than that of a liquid. The implied liquid crystalline nature is further 
supported by preliminary polarizing microscopic data.

Although the tentative conclusions drawn here seem out of accord with 
generally held views, they seem the simplest interpretation of previous and 
current results. They imply a structural and functional aqueous framework 
considerably different from what is generally accepted and perhaps raise 
more questions than they answer. Nevertheless, they imply that aqueous 
behavior at interfaces may be far different than that implied by standard 
textbook views.
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Water is arguably themost important liquid on earth. Despite
its significance and abundance, water remains mysterious

in many ways, and many anomalous features remain incomple-
tely understood.1 Among the lingering mysteries are the dy-
namics at interfaces. Interfacial water is of critical importance to
biology, chemistry, and geo-climatic and atmospheric processes,
as many catalytic reactions occur at interfaces.2,3 Yet the proper-
ties of interfacial water are poorly understood.

It is commonly accepted that in the vicinity of hydrophilic
interfaces water organizes into ice-like water, which project from
the surface by a few nanometers.4-6 Partly due to the rapid
development of surface-characterization techniques, most recent
work has focused almost exclusively on near-surface dynamics,
i.e., dynamics of the first few molecular layers. Consequently,
possible macroscopic effects have not been widely studied.

On the other hand, decades of early work has demonstrated
that water can exhibit physical properties quite different than
those of bulk water, out to distances on the order of
micrometers.7 Further, such an extensive surface water zone
near many biological surfaces, known as the unstirred layer, has
been observed to significantly impact the rate of colloidal
diffusion across cell membranes.8,9

Work begun several years ago in our group indicates that the
interfacial water zone may extend unexpectedly far from hydro-
philic surfaces.10 Those surfaces include a wide range of materials
such as ion-exchange resins, polymers, hydrogels, functionalized
monolayers, biological tissues andmetal oxides. The near-surface
aqueous zones exhibit a number of unique properties, the most
notable being that suspended particles (e.g., monodisperse
colloids) are excluded from the surface to distances of several
hundred micrometers; thus, these particle-free zones have been
termed exclusion zones (EZs). EZs exhibit a variety of physical
properties differing from those of bulk water. They bear negative
charge, asmuch as 150-200mVnear the nucleating surface, they

exhibit increased dynamic viscosity, and they show diminished
infrared emissivity and retarded T2 relaxation times.11,12 These
properties imply that the water within EZs may be more ordered
than bulk water.

Nuclear magnetic resonance (NMR) spectroscopy is a well-
established technique for determining the chemical structure and
environment in aqueous systems.13 NMR chemical shift, relaxa-
tion, and self-diffusion measurements have proved especially
successful for probing interfacial water structure and dynamics
near various biological and polymeric surfaces.14-16 In the
present study, high-resolution NMR spectroscopy was employed
to measure the chemical shift, spin-lattice (T1) relaxation, and
self-diffusion coefficient of interfacial water in order to obtain a
more detailed physical picture of the molecular environment
within the EZ.

Figure 1 is a representative 1H NMR spectrum of cationic
resin/water system at 298! K in thermal equilibrium. Two
water-proton resonances are evident, at 4.63 ppm and 6.00
ppm, indicating two distinct and magnetically unique water
species, as observed within the NMR time scale. The standard
chemical shift value of 1H resonance at 298 K for the HOD peak
in an H2O:D2O mixture is 4.8 ppm.17 Since the frequency axis
was referenced to an external standard, i.e., 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS), it is reasonable to identify
the upfield resonance at 4.6 ppm as that of less restricted water in
the interstitial region between the beads. The downfield shift to
the resonance at 6.00 ppm is indicative of a more “deshielded”
environment of the water, and therefore corresponds to highly
restricted water layers adsorbed onto polymer surfaces inside and
around the resin. Integrating the fully relaxed 1H spectrum
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ABSTRACT: In suspensions of Nafion beads and of cationic gel beads, NMR spectroscopy
showed two water-proton resonances, one representing intimate water layers next to the
polymer surface, the other corresponding to water lying beyond. Both resonances show notably
shorter spin-lattice relaxation times (T1) and smaller self-diffusion coefficients (D) indicating
slower dynamics than bulk water. These findings confirm the existence of highly restricted water
layers adsorbed onto hydrophilic surfaces and dynamically stable water beyond the first
hydration layers. Thus, aqueous regions on the order of micrometers are dynamically different
from bulk water.
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shown in Figure 1 yielded a 1:1 ratio of area under the peaks
corresponding to internal water and the interstitial water, re-
spectively. Full width at half-maximum (fwhm) line widths of the
downfield-shifted peak are approximately 80% of the peak for
interstitial water at 4.63 ppm.

Figure 2 shows a representative 1H NMR spectrum of a
Nafion bead/water system at 298! K in thermal equilibrium. As
in the cationic resin/water system, two chemical shifts of water
protons are observed. The upfield resonance at 4.61 ppm is
assigned as interstitial water lying between the Nafion beads,
while the downfield resonance at 5.35 is assigned to adsorbed
water inside and around Nafion beads. The integrated area under
each resonance peak shows an intensity ratio of 7:3, interstitial-
to-internal water, respectively. The fwhm line widths of the two
resonances are roughly the same.

To further characterize the observed water species in each
system, longitudinal relaxation (T1) and self-diffusion

coefficients were measured for the respective chemical shifts.
Five samples were used for T1 relaxation and self-diffusion
measurements to verify the robustness and consistency of the
results.

T1 relaxation and diffusion coefficients of the two water
proton resonances in cationic resin/water system are shown in
Table 1. T1 relaxation for interstitial water identified by the peak
at 4.63 ppm was measured to be 1.82 s, which is significantly
shorter than the T1 relaxation time of bulk water at 298 K.18 The
corresponding self-diffusion coefficient of interstitial water,
14.91 ! 10-10 m2/s, was measured to be about 60% of the
known diffusion coefficient of bulk water at 298 K, namely,
23.00 ! 10-10 m2/s.19

Corresponding results for the Nafion resin/water system are
shown in Table 2. T1 relaxation of upfield peak at 4.61
ppm corresponding to interstitial water was 1.34 s at 298 K,
indicating faster longitudinal relaxation than bulk water as in the

Figure 1. A fully relaxed one-dimensional (1D) 1H NMR spectrum of a cationic resin/water system. Two water proton resonances are observed at 6.0
ppm and 4.63 ppm, each corresponding to internal and interstitial water, respectively.

Figure 2. A fully relaxed 1D 1HNMR spectra of Nafion bead/water system. Twowater proton resonances are observed at 5.35 ppm and 4.61 ppm, each
corresponding to internal and interstitial water, respectively.
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case of the cationic resin/water system. The diffusion coefficient
of interstitial water in the Nafion resin/water system was
determined to be 16.91 ! 10-10 m2/s, about 25% smaller
than that of bulk water. In order to rule out radiation damping
as the cause of the observed shorter T1 values, the same
measurements were made with 300 and 500MHz spectrometers,
and relaxation times on the same order of magnitude were
confirmed.

In both systems, the T1 curve-fitting procedure for the
downfield water peak yielded rather poor results if only a single
exponential recovery curve was employed, indicating that a single
T1 component cannot explain the data accurately. In contrast,
when a two-component fit was used, the same set of experimental
data gave excellent fit statistics without the necessity to remove
even a single data point. This indicates that there are two distinct
relaxation times. Thus, both tables show a faster and a slower T1
component for the downfield peaks, which correspond to highly
restricted water adsorbed on the hydrophilic sulfonate-group
sites within the polymer matrix.

The self-diffusion coefficient of water inside the cationic resin
matrix at 298 K was 6.47 ! 10-10 m2/s. The self-diffusion
coefficient of water inside the Nafion resin matrix at 298 K was
slightly smaller, albeit on the same order of magnitude, 5.39 !
10-10 m2/s. The fact that both D values of internal water were
significantly lower than that of bulk water is self-consistent with
the observed shorter T1 values compared to that of bulk. At room
temperature, T1 relaxation is mainly mediated by translational
and rotational diffusion in a solution, and the relaxation efficiency
is inversely proportional to the rate of diffusion. The shorter
diffusion constants of both internal and interstitial waters are
indicative of the restricted environments that the water mole-
cules experience. Fundamental NMR relaxation theory of liquids
indeed stipulates that the T1 relaxation times are correspond-
ingly shorter than that of water in bulk in slow-diffusing
environments.

The most notable finding in this study is that there is no bulk
water present in both bead suspensions, as indicated by T1
relaxation and self-diffusion measurements. The adsorbed water
in and around both Nafion and ion-exchange beads is shown to
be anisotropic due to confined geometry within polymer
matrix,20-22 and therefore it is expected that internal water has

much slower self-diffusion and shorter T1 relaxation than bulk,
indicating highly restricted molecular environment.

Interestingly, our experimental data show that the interstitial
water as well has notably shorter T1 relaxation and smaller self-
diffusion coefficient than bulk water. This was true in both
experimental systems. In the case of the cationic resin system,
maximal packing of 180 μm diameter spherical beads in face
center cubic lattice-like arrangement would leave the interstitial
region to be on the order of tens of micrometers in size.
Assuming that the packing was not ideal and taking into account
the variability in ion-exchange resin size, one can expect even
larger dimensions of interstitial water region. For the Nafion
system, this interstitial region is expected to be even larger due to
the beads’ irregular shape and larger dimensions, and this is
demonstrated by larger interstitial to internal water peak area
ratio shown in Figure 2 versus Figure 1.

While such extensive effects of the surface on nearby water
dynamics may seem counterintuitive, previously observed char-
acteristics of the EZ near hydrophilic surfaces indicates that
nearby water can take on a more stable form out to distances of
tens of micrometers.11 Further, convergence of EZs extending
from two neighboring nucleating surfaces within 100 μm, as in
this case, has been observed. It is then reasonable to assume the
interstitial water in both systems to be composed of mostly EZ
water, and thus, the restricted water dynamics within the inter-
stitial region observed here complements other known EZ
characteristics.

T1 relaxation time and the self-diffusion coefficient of solu-
tions can be profoundly affected by the solute that is dispersed in
the medium, and the presence of trace impurities could in theory
account for observed changes in T1 relaxation and diffusion
coefficient of water. However, the 1H chemical shift spectrum of
a given compound is a robust fingerprint of what is present in a
solution. One may then state with reasonable certainty that there
are no impurities of unknown origin in our experimental system,
evidenced by the absence of any anomalous peaks present other
than water proton peaks.

Invoking impurities as the cause of change in water dynamics
also lacks theoretical rationale. No well-established theory of
chemical shifts in solution NMR can account for the observed
“multiple resonance” spectra of water found in two distinct
sample preparations studied here, as due to the effect of “trace
impurities” of unknown origin. Indeed, to our knowledge, there
are no aqueous NMR spectra that exhibit anything other than a
single bulk water NMR peak in and around 4.8 ppm at 298 K.
This is true, independent of the kind of solute that is dissolved in
water, ranging from small organic molecules to large biomole-
cules such as proteins or nucleic acids.

The only reports found in literature that had recorded such
multiple resonances of water are associated with biological
tissues or polymer systems that are quite similar to the ion
exchange resins or Nafion that were used in this study.23-26

These studies, however, did not address the dynamics of water
lying outside the polymers or tissues.

Thus, the unique dynamic properties of water presented in
this study are evidently not due to the presence of impurities, but
rather caused by the presence of hydrophilic surfaces. While
chemical shift provides unique structural identification of a
molecule, it does not report the possible existence of intermo-
lecular interactions and the resulting long-range ordering of a
solution system. In contrast, T1 relaxation and self-diffusion
measurements do provide this crucial information, as shown

Table 2. Longitudinal Relaxation (T1) Times and Self-Dif-
fusion Coefficients of Water Species in a Nafion Bead/Water
System

T1 (s)

δHOD (ppm) component 1 component 2 DHOD (1 ! 10-10 m2/s)

5.35 0.190 2.053 5.39

4.61 1.34 16.91

Table 1. Longitudvinal Relaxation (T1) Times and Self-
Diffusion Coefficients of Water Species in a Cationic Ex-
change Bead/Water System

T1 (s)

δHOD (ppm) component 1 component 2 DHOD (1 ! 10-10 m2/s)

6.00 0.532 1.511 6.47

4.63 1.82 14.91
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here. In fact, although the chemical shift of EZ water is quite
similar to that of bulk water, albeit the small difference of 0.2
ppm, the T1 and D values turn out to be clear identifiers of the
more restricted and long-range coupled nature of EZ water.

Hence, the most interesting implications of this study may be
that, in the presence of Nafion, resin beads, or other hydrophilic
surfaces, water is readily organizing and changing its otherwise
bulk dynamic properties extensively. The results of this study
therefore underscore the organizational and dynamic complexity
of water juxtaposed next to certain classes of surface.

’EXPERIMENTAL SECTION

For all experiments, deionized water (Type I HPLC Grade
(18.2 MΩ 3 cm)) was collected from a Barnstead D3750 Nano-
pure Diamond purification system. A 5% D2O/H2O (v/v)
solution was used in all experiments, and was prepared by
diluting 99.9% deuterium oxide (Cambridge Isotopes DLM-4-
100) with deionized water.

Two types of polymer beads were used as EZ-nucleating
surfaces. One was analytical-grade cationic ion-exchange resin,
180-425 μm diameter, in H-form (AG 50W-X8, Bio-Rad, CA)
with cross-linking of 8% divinylbenzene (DVB). The other was
Nafion, a sulfonated tetrafluoroethylene based fluoropolymer,
with dimensions on the order of 300-500 μm in H-form
(495786, Sigma-Aldrich, MO). Both types of polymer have
abundant sulfonic acid sites, providing highly hydrophilic
environments.

Beads were first hydrated in experimental solvent for 1 h to
ensure sufficient level of hydration. Once hydrated, the beads
were placed in a standard 5 mm OD NMR tube (WG-1241-7,
Wilmad Glass, NJ) and left to settle in 100 mL of 5% D2O/H2O
(v/v). For both types of bead systems, the final height of tightly
packed beads was 3 cm as measured from the bottom of the tube.

The 1H NMR spectra were recorded on a 750 MHz Bruker
AVANCE II NMR spectrometer equipped with a 1H {C,N}
high-resolution triple resonance probe with Z-gradient. A spec-
troscopic standard sample of 1% sucrose in 10% H2O/D2O
(v/v) solvent mixture was used to shim the magnet to optimal B0
field homogeneity prior to recording the spectra from the resin
beads and Nafion beads. Raw data were collected with 8K time-
domain points with a spectral width of 10 ppm centered at 5.0
ppm, recycle delay of 1 s, and acquisition time of 0.55 s. These
were then Fourier transformed without zero filling.

Proper referencing of spectra was ensured by adding a trace
quantity of DSS as external reference for one sample and the
ensuing spectrum reference frequency was used for calibrating
the 0 ppm in subsequent sample preparations. Five identical
NMR sample tubes were prepared for repeating the measure-
ments and establishing consistency of the results. The sample
temperature was set to 298 K ( 0.1 K and the accuracy of this
value at the sample was confirmed by measuring the chemical
shift difference of the doublet of neat methanol and cross
checking against published values.

Spin-lattice (T1) relaxation of water in the polymer/water
system was measured using inversion-recovery (π- τ1- π/2)
pulse sequence. Longitudinal magnetization was collected with
10 time delays varying from 1 ms to 25 s. A standard inversion
recovery curve with three unknowns was fitted to the integrated
volume of each resonance as a function of the delay. When a
single T1-component fit exhibited a substantial number of out-
liers leading to poor χ2 statistics, a two-component fit was

employed, leading to excellent fits with no outliers from the
recorded set of data points.

Self-diffusion measurements of the two chemical shifts of
water in polymer/water system were carried out using the
stimulated spin-echo pulse sequence ((π/2) - g(δ) - (π/2) -
Δ - (π/2) - g(δ)). The attenuation in spin-echo amplitude
was recorded as a function of increasing gradient strength, g. In an
isotropic system, where diffusion is unrestricted, the echo
attenuation is given by the Stejskal-Tanner equation:

ψðδ, g,ΔÞ ¼ exp - γ2δ2g2D Δ
δ
3

! "! "
ð1Þ

Here γ is the gyromagnetic ratio, δ and g are duration and
amplitude of the magnetic-field gradient, respectively, Δ is the
duration for phase encoding the diffusing magnetization, andD is
the bulk self-diffusion coefficient of the solvent. D was computed
from the slope obtained by fitting eq 1 as a function g2 to the echo
amplitude decay. Prior to making measurements with the bead
systems, the bulk self-diffusion coefficient of deionized water was
measured at 298 K and confirmed to agree with literature values.
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ABSTRACT: Protein−water interaction plays a crucial role in protein dynamics and
hence function. To study the chemical environment of water and proteins with high
spatial resolution, synchrotron radiation-Fourier transform infrared (SR-FTIR)
spectromicroscopy was used to probe skeletal muscle myofibrils. Observing the OH
stretch band showed that water inside of relaxed myofibrils is extensively hydrogen-
bonded with little or no free OH. In higher-resolution measurements obtained with single
isolated myofibrils, the water absorption peaks were relatively higher within the center
region of the sarcomere compared to those in the I-band region, implying higher
hydration capacity of thick filaments compared to the thin filaments. When specimens
were activated, changes in the OH stretch band showed significant dehydrogen bonding
of muscle water; this was indicated by increased absorption at ∼3480 cm−1 compared to
relaxed myofibrils. These contraction-induced changes in water were accompanied by
splitting of the amide I (CO) peak, implying that muscle proteins transition from α-
helix to β-sheet-rich structures. Hence, muscle contraction can be characterized by a loss
of order in the muscle−protein complex, accompanied by a destructuring of hydration water. The findings shed fresh light on the
molecular mechanism of muscle contraction and motor protein dynamics.
SECTION: Biophysical Chemistry and Biomolecules

While the importance of water for sustaining life is well-
recognized, the exact role of water in biological

processes remains unclear. On the other hand, an increasing
number of studies show that biological processes are heavily
influenced by interfacial water dynamics.1

One such water-mediated process is protein conformational
change, which sits at the base of biological function.2,3 X-ray
crystallography studies had initially implied relatively few
hydration layers adsorbed onto proteins, which could persist
even under high vacuum.4 However, recent experiments using
THz and fluorescence spectroscopy have reveled that the
dynamic hydration shells around proteins can extend out to
much longer distances.5,6 Further, recent dielectric spectrosco-
py studies have shown that protein folding is largely “slaved” by
dynamics of water beyond the first several hydration layers,7

that is, the protein follows the water.
The above-mentioned studies have sparked broad interest in

hydration water. However, questions remain as to how such
solution systems reflect the intricately ordered and crowded
protein−water systems lying inside of intact tissues and cells.
One such ordered system is muscle. When muscle is activated,
proteins undergo synchronous conformational changes over
millimeter and centimeter length scales. The protein changes
are well studied; however, the changes in muscle water
hydrogen bonding remain uncharted territory.
Many experimental observations imply that water may play

an important role in muscle contraction (for a summary, see

refs 8 and 9). Several recent findings in particular show that
near-surface interfacial water is considerably more viscous than
bulk water, with several groups reporting as high as 6-fold
viscosity elevation near hydrophilic surfaces.10 This high
viscosity implies that the molecular cross-bridge swinging that
has been considered central to the contractile process may
experience resistance, and correspondingly, that the high energy
needed to power such strokes might not be accounted for by
ATP splitting alone.11 This is but one of multiple issues raised
by the presence of high-viscosity interfacial water.
Synchrotron radiation (SR) FTIR spectromicroscopy has

lately emerged as a noninvasive probe of biological tissues with
unprecedented spectral sensitivity and diffraction-limited spatial
resolution, owing to its high brightness and small beam size.12

This tool has proved especially useful in determination of
chemical species and structures.13−15 IR spectroscopy is also
remarkably sensitive to the strength of hydrogen bonding as
OH stretch frequency is linearly related to hydrogen bonding
strength (i.e., stronger hydrogen bonding results in lower
frequency of the OH stretching vibration).16 With this
technique, we examined possible changes of muscle water
and protein structures associated with muscle contraction.
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In order to compare liquid water with muscle water, we first
obtained the infrared spectrum of liquid water, as shown in
Figure 1 (top). The OH stretch region of liquid water shows a

broad peak due to extensive hydrogen bonding. The second
derivative (below) shows that the broad peak resolves into
three components, 3230, 3400, and 3620 cm−1 corresponding,
respectively, to the symmetric OH stretching mode of ice-like
water, partially hydrogen-bonded water, and free OH. These
are standard assignments. Of the three components, particularly
notable is the one at 3400 cm−1, which contains two shoulder
peaks at 3480 and 3520 cm−1. These shoulder peaks imply that
liquid water may have at least three different arrangements of
partially hydrogen-bonded water.
To observe the corresponding hydrogen bonding environ-

ment of muscle water, we collected an infrared map of a single
relaxed honeybee myofibril (Figure 2). Panel (a) shows a
bright-field image, with visible sarcomeres. The color images in
panel (b) show absorption maps obtained at different spectral

regions, corresponding to three components of liquid water
determined above, fully coordinated ice-like water (3230 cm−1),
partially H-bonded water (3400 cm−1), and free OH (3620
cm−1). The strong relative absorptions at 3230 and 3400 cm−1

indicate that the water inside of the relaxed myofibril is mostly
“ice-like” and partially hydrogen-bonded. The weak absorption
at 3620 cm−1 indicates little or no free OH. Hence, most of the
water molecules inside of the relaxed myofibril can be said to be
either fully or partially hydrogen bonded.
A particularly interesting feature of these infrared maps is the

inhomogeneous spatial distribution of water along the
myofibril. Overlaying the images showed that all three
components of water IR absorption were higher in the center
of the sarcomere than in the regions around the z-lines. Of
those three components, the ice-like water was preferentially
present in the middle of the sarcomere. The partially hydrogen-
bonded water was spread more uniformly over the length of the
myofibril, albeit slightly higher in the middle of the sarcomere.
Thus, the water content within the myofibril shows sarcomeric
periodicity. This may mean that the thick filaments, which are
found in the middle of the sarcomere, might have higher water
holding capacity than the thin filaments, which are nearer to the
ends of the sarcomere. The stronger absorption of ice-like
water may be due to higher negative charge density on the
surfaces of thick filaments compared to that for thin
filaments.17,18

In order to investigate the chemical changes associated with
contraction, myofibril bundles were studied in relaxed and
activated states. To simulate two physiological states of muscle,
we used a standard model composed of skinned muscle and
two physiological solutions. The bundle was first bathed in
relaxing solution for 30 min, and an IR map was collected.
Next, the same bundle was bathed in activating solution for 30
min. By that time, the specimen was fully contracted; all visible
signs of contraction development had ceased.
Figure 3a shows bright-field images and superimposed IR

maps of the relaxed and activated bundle. The IR maps were
obtained at 3500 cm−1, the spectral region showing the largest
changes as the specimen passed from the relaxed state to the
contracted state. The activated specimen absorbed significantly
more than the relaxed specimen at 3500 cm−1. This increase
may be indicative of decreased hydrogen bonding strength of
muscle water during contraction.
Figure 3b shows the representative IR spectra from relaxed

(blue) and activated (red) specimens. Deionized water (green)
is shown for comparison. Consistent with findings in the single
myofibril (Figure 1), the spectra of the relaxed bundle show
almost complete absence of free OH (3620 cm−1) compared to
liquid water. This indicates stronger hydrogen bonding strength
of muscle water compared with that of deionized water. The
most notable feature of Figure 3b is the shoulder peak near
3500 cm−1 that appears upon activation, indicating “breakup” of
the hydrogen bonding network. However, even with a
significant dehydrogen bonding, the activated muscle still
largely lacked free OH. The changes seen in the OH stretch
region of IR spectra upon activation were reversible at least up
to two activate−relax cycles, indicated by the appearance and
disappearance of the a shoulder peak at 3500 cm−1 in activated
and relaxed states, respectively.
For more detailed spectral analysis of the OH stretch region,

second-derivative analysis was performed on the original
spectra. The results are shown in Figure 3c. They show several
peaks corresponding to the symmetric and asymmetric CH2

Figure 1. Infrared spectrum of liquid water at 22 °C in the OH stretch
spectral region (top) and the second-derivative spectrum (bottom).
Arrows indicate components resolved with second-derivative analysis
at 3230, 3400, and 3620 cm−1.

Figure 2. (a) Bright-field image of a single honeybee myofibril in the
relaxed state. (b) IR absorption maps of the same specimen at three
wavenumbers, corresponding to ice-like water (3230 cm−1), partially
hydrogen-bonded water (3400 cm−1), and free OH (3620 cm−1).
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stretches of the lipids (∼2852 and 2924 cm−1), the asymmetric
CH3 stretch of the lipids (2960 cm−1), the symmetric NH
stretch of amide A and amide B (3300 and 3057 cm−1), besides
the water peaks (3180, 3400, 3480 cm−1). Table 1 summarizes

those peaks. While other peaks do not show any obvious shifts,
the amide A band shows a blue shift (i.e., to higher frequency)
of about 10 cm−1. Such a shift has been associated with an α-
helix to β-sheet transition.16

In Figure 3c, second-derivative water peaks are seen
corresponding to 3180, 3400, and 3480 cm1. Compared with
liquid water (Figure 1), the component corresponding to ice-
like water occurs at a lower frequency, by about 20 cm−1. This
shift indicates that fully coordinated modes of water in muscle
contain slower vibrational modes, presumably due to dipolar
coupling of water and protein oscillators. Upon activation, the
ratio of the amide A peak (3300 cm−1) and the 3480 cm−1

water peak increases, showing an increase in the number of
broken hydrogen bonds per protein molecule. Thus, the
second-derivative analysis confirms the results obtained from
the original spectra, a significant breakup of hydrogen bonds
during activation. The absence of free OH in both relaxed and
activated myofibril bundles shows that the breakup of hydrogen
bonding during activation still leaves water molecules hydro-
gen-bonded to at least one neighboring water molecule.
To confirm that the observed changes in muscle water are

not artifacts arising from differences in absorption from the
different physiological solutions, we collected infrared spectra
of both activating and relaxing solutions (Figure S1, Supporting
Information). Comparison with the spectra of deionized water
confirmed that both physiological solutions had IR spectra
indistinguishable from that of deionized water.
The amide bands in vibrational spectra of proteins are useful

tools for determining the secondary structure of proteins and
the proteins’ stability.22 Specifically, the amide I peak provides
sensitive information on protein secondary structures (i.e., α-
helix, β-sheets, β-sheet turns, side chains, etc.).23 Figure 4a
shows representative spectra of the corresponding spectral
region in relaxed (blue) and activated (red) myofibril bundles.
These spectra were taken from the same spectra as Figure3b. In
the relaxed state, the myofibril bundle shows a classic amide I
peak centered at ∼1650 cm−1 and an amide II peak centered at
∼1550 cm−1. Upon activation, the amide I peak splits into two
(Figure 4a), the new peak appearing at ∼1600 cm−1, over and
above the original peak at ∼1650 cm−1. Moreover, the centroid
of the 1650 cm−1 peak is red-shifted to lower frequency by
about 15 cm−1. While detailed theoretical description of amide I
splitting has posed significant challenges, experimental results

Figure 3. (a) Bright-field images of a relaxed and activated rabbit psoas myofibril bundle with overlays of IR images at 3500 cm−1 showing a
significant increase in absorption during contraction. For the color map, the absorption of activated muscle at 3550 cm−1 is normalized to 1 for
comparison. (b) IR spectra of relaxed (blue) and activated (red) muscle and deionized water (green). (c) Second-derivative spectra of relaxed and
activated muscle.

Table 1. Assignment of IR Bands and Their Major
Contributors

wavenumber (cm−1) vibrational mode assignment and major contribution

∼3620 νOH of free OH19

∼3400 νOH of partially hydrogen-bonded water19
∼3300 amide A, νNH of proteins20

∼3230 νOH of ice-like water19

∼2960 νasCH3 of lipids, proteins and nucleic acids20

∼2924 νasCH2 of lipids
21

∼2860 νsCH2 of lipids
21

∼1650 amide I, νCO stretch20

∼1550 amide II20
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indicate that splitting of the amide I peak to lower frequency is
associated with β-sheet-rich structures.24 Thus, the red shifting
of the 1650 cm−1 peak centroid indicates the formation of
intermolecular β-sheets arising out of aggregation of unfolded
proteins in activated muscle. The new peak appearing in the
amide I region at ∼1600 cm−1 is assigned to the amino acid
side chains of proteins including both hydrogenated and
hydroxylated glutamine (H-Gly and OH-Gly), whose transport
plays an important role in phosphorylation of muscle and
contraction.20,25 Thus, increased absorption at ∼1600 cm−1

seen here may be due to formation of side chains during
contraction. Contrary to the amide I band, the amide II band
showed less change with activation: diminished absorbance,
with no change in the peak location.
To examine these spectral features in more detail, we looked

at the second-derivative spectra. Figure 4b shows the second
derivative of the original spectra in the amide I and II region.
Several features are of interest. First, the relaxed muscle has
markedly higher composition of α-helix (1652 cm−1) than
activated muscle. Second, the peaks centered at ∼1630 and
∼1680 cm−1 increased significantly in amplitude when muscle
went from relaxed to activated. These peaks represent β-sheets
and β-turns, respectively.20 Taken together, these findings show
that muscle proteins lost helical order during activation, similar
to the conclusions drawn earlier from X-ray diffraction
studies.26

The activation-associated changes of muscle water are
appreciable (Figure 2b). However, the myofibril bundle
contains water both inside of the myofibril and between the
myofibrils. To ensure that the observed changes in hydrogen
bonding are indeed due to changes within the myofibrils, that
is, associated with myosin, actin, and so forth, we probed single
myofibrils, where the only water present in the sample lies
within the contractile apparatus. Contraction is ordinarily less
pronounced in honeybee myofibrils but was confirmed by
monitoring shortening of sarcomeres in bright-field images.

The statistics are summarized in Figure S2 (Supporting
Information).
The results obtained with the single myofibril (Figure 5)

largely concur with those obtained with the myofibril bundles

(Figure 4). As seen with rabbit myofibril bundles (Figure 3b),
the representative spectrum of relaxed single myofibril shows
an OH stretch peak significantly red-shifted from that of
deionized water. This shift indicates stronger hydrogen bonding
than liquid water. Moreover, as the specimen passed from
relaxed (blue) to activated (red), the hydrogen bonding
strength decreased, as indicated by a ∼25 cm−1 blue shifting
of the centroid of the water OH stretch peak. The dehydrogen
bonding agrees with results obtained from myofibril bundles.
Hence, the major findings in muscle water hydrogen bonding
are consistent in both single myofibrils and myofibril bundles,
indicating that those changes occur within the actomyosin
complex.
This study was carried out to understand the chemical

environment of skeletal muscle water and its possible role in
contraction. Our results show that water in relaxed muscle is
significantly more structured than bulk water, with little or no
free OH present. This was found inside of myofibril bundles as
well as inside of single myofibrils. The most notable result of
this study was the sensitivity of the water hydrogen bonding
environment to distinct physiological states. When the
myofibril was activated, the well-hydrogen-bonded muscle
water lost order as the muscle proteins changed conformation.
Water evidently plays some role in the contractile process.
It is widely believed that water inside of biological tissues is

similar to bulk water, except for the first two or three protein
hydration layers. However, more recent results have shown that
hydrophilic surfaces can extensively order nearby water.27−29

Further, recent NMR measurements show that in confined
geometries such as inside of reverse micelles, protein hydration
shells can extend out to several dozens of layers.30 Considering
the confined geometry inside of the myofilament lattice, it is no
surprise that most of the muscle water is well-structured. Thus,
muscle water differs substantially from bulk water.
While modern understanding of muscle contraction is largely

dominated by the cross-bridge theory originally proposed by Sir
Andrew Huxley and H. E. Huxley,31,32 many experimental
results remain at odds with that theory. The most notable are
shortening of thick filaments during contraction33 and
generation of force even with no apparent overlap of thick
and thin filaments,34 where no attachment of myosin heads to
actin filaments can occur. Both findings indicate the need for

Figure 4. (a) IR spectra of a relaxed (blue) and activated (red)
myofibril bundle in amide I and II spectral regions. (b) Second
derivative of the IR spectra.

Figure 5. IR spectra of a relaxed (blue) and activated single myofibril
(red). The IR spectrum of liquid water is shown for comparison
(green).
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reconsideration of that mechanism.9,35 On the other hand, the
breakup of water structure during contraction implies that the
high viscosity issue mentioned above may be less of a problem
for the prevailing theory than initially considered. If the water
remained highly viscous, not only could cross-bridges fail to
swing, but also, any kind of filamentary motion might confront
substantial difficulty.
Several physical changes occur immediately following

stimulation but prior to force generation. These include
changes in thick filament length,33 sudden decreases in
viscoelasticity,36 loss of axial and helical order in myosin,37

and latency relaxation.38 All of those changes occur within
milliseconds after stimulation and well before the onset of force
generation. While these changes are seemingly necessary
preconditions for force generation, their mechanisms have
remained unclear. Changes in water structure might potentially
explain some or all of those changes and help provide better
understanding of the molecular mechanism of muscle
contraction.
Given the breakup of water structure during contraction, a

lingering question is which of the two events comes first,
changes in protein conformation or breakup of ordered
hydration water. Time-resolved studies will be needed to
answer this important question, which may have relevance also
for other biological systems.

■ METHODS
Solutions. Several different solutions were used to simulate
different states of contraction. Relaxing solution (pH 7.0) had a
composition (in mM) of 10 MOPS, 64.4 K+ propionate, 5.23
Mg2+ propionate, 9.45 Na2SO4, 10 EGTA, 0.188 CaCl2, 7 ATP,
and 10 creatine phosphate. Activating solution consisted (in
mM) of 10 MOPS, 45.1 K+ propionate, 5.21 Mg2+ propionate,
9.27 Na2SO4, 10 EGTA, 9.91 CaCl2, 7.18 ATP, and 10 creatine
phosphate. Glycerol solution consisted of half glycerol and half
rigor solution, the latter containing (in mM) 50 Tris (pH 7.4),
100 NaCl, 2 KCl, 2 MgCl2, and 10 EGTA.
Skeletal Myof ibril Preparation. Two types of specimens were

studied, myofibril bundles and single myofibrils. Myofibril
bundles were prepared from rabbit psoas muscles. Briefly,
muscles were dissected bluntly from the backs of rabbits, along
the length of the fibers. They were cut into thin strips and tied
at both ends to a wooden stick in order to maintain their
natural length. The prepared muscle strips were placed in
glycerol solution and stored in a freezer at −20 °C for long-
term storage. To obtain myofibril bundles, the muscle strips
stored in glycerol solution were transferred to rigor solution for
60 min and then cut into 2 mm segments across the fiber cross
section. A tissue segment was diced using a blender (Sorvall
Omni Mixer) in 7 mL of rigor solution using the following
protocol: twice × 5 s at 1100 rpm, once × 5 s at 2500 rpm, and
once × 1 s at 3100 rpm. The resulting myofibril bundles were
typically about 50 μm in diameter and several hundred
micrometers long. Eight myofibril bundles were probed both
in relaxed and activated states to confirm the consistency of the
data (n = 8).
Single honeybee myofibrils were prepared from the thorax

region of honeybee flight muscles. The dissected specimen was
stored at −20 °C in a 50/50 glycerol/rigor solution mixture for
long-term storage. To prepare single myofibrils, the muscle
tissue was washed in rigor solution and cut using a blender in 2
mL of rigor solution using the following protocol: once × 5 s at
2500 rpm and once × 10 s at 4000 rpm. The resulting

myofibrils were typically 4−5 μm in diameter and tens of
micrometers long. Ten single myofibril samples were probed in
both activated and relaxed states for consistency (n = 10).
Synchrotron Radiation Fourier Transform Inf rared (SR-FTIR)

Spectromicroscopy. The SR-FTIR measurements were made
using a Nicolet Magna 760 FTIR bench and a Nicolet Nic-Plan
IR microscope with 15× and 32× objectives, at the Advanced
Light Source, Lawrence Berkeley National Laboratory, Infrared
Beamline 1.4.3. Myofibril bundle experiments were carried out
with a 15× objective, while single myofibril experiments were
carried out using a 32× objective. Thirty-two scans of IR
spectra were collected between 800 and 4000 cm−1 at 4 cm−1

resolution and averaged. SR-FTIR spectra were initially
collected to identify the chemical environment of relaxed
muscle. To do this, a drop of myofibril bundle suspension was
dispensed onto a CaF2 window and then immersed in relaxing
solution for 30 min on ice. To collect the SR-FTIR spectra of
activated muscle, activating solution was drop dispensed onto
the myofibril bundle, and measurements were made after the
specimen had visibly finished contracting. For obtaining
spectral maps of myofibril bundles, a total of eight myofibril
bundles were probed in both relaxed and activated states for
consistency. Each sample was scanned with a 5 μm step size.
For single honeybee myofibrils, 13 myofibrils were probed in
both relaxed and activated states. Each sample was scanned
with a 1 μm step size. Second-derivative analysis was performed
for enhancement of spectral resolution using the Savitsky−
Golay method.39 To minimize evaporation during data
collection, the myofibril bundle was kept in a water-tight
custom chamber with a Tefon fitting.
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