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ABSTRACT:Responsive pure protein organogel sensors and il ot AL o N
catalysts are fabricated by replacing the aqueous mobile phafEFOFF T T a1

protein hydrogels with pure ethylene glycol (EG). Exchangi
water for EG causes irreversible volume phase transitions (VR

™

Gel Swelling Ratio

hydrogel and organogel sensors show similar volume respo
to protein ligand binding. This work elucidates the mechanis
involved in this enabling irreversible VPT by examining~tig
protein secondary structure, hydration, and protein poly
morphology. Organogel proteins retain their native activi ,
because their secondary structure and hydration shell are

relatively unperturbed by the EG exchange. Conversely, the
decreasing solvent quality initiates polymer phase separation to
minimize the BSA polymer surface area exposed to EG, thus

Protein Polymer Phase Separation in Ethylene Glycol

decreasing distances between BSA polymer strands. These protein polymer morphology changes promote interprotein

interactions between BSA polymer strands, which increasective @olymer cross-link density and prevent organogel
swelling as the mobile phase is exchanged back to water.

INTRODUCTION cause shrinking. When the polymer and mobile phase are at

Hydrogels and organogels are versatile materials wigqUIiPriuMm, = Gowef V= 0. In general, for hydrogel/
numerous applications as serfsbistalysts! drug delivery organog_el cheml_cal sensors, analyte recognition must induce a
material&’ tissue engineering solls'® wound dressings, ~ change in the Gibbs free energy to actuate a VPT.
membrane¥, and mechanical actuattrhese responsive ~ Recently, we developed several stimuli responsive pure
materials consist of two primary components: a stationaBfotein hydrogels that sense pH, glucose, yeast cells, drugs,
phase made up of a 3-dimensional chemically or physicalyrfactants, and fatty acitfs’ These protein hydrogels have
cross-linked polymer network and a liquid mobile phase thaelective chemical responses because the constituent proteins
facilitates dusion and mass transport within the polymershow spect molecular recognition. There exists a large body
network. Hydrogels contain an agueous mobile phase, wherefigesearch developing functional pure protein hydrogels using
organogels contain an organic solvent mobile phase. a variety of fabrication methods, such as glutaraldehyde cross-

Our group pioneered the development of photonic crystalinking, or enzyme catalyzed cross-linking of proteins, and self-
based colorimetric chemical sen$btsthat utilize the  assembly of engineered profefig® 22
stimuli such as pH, light, and chemical anafteS.  jegpite the intense interests in utilizing protein chemistries in
Hydrogels or organogels that have molecular recognitiqfyqanic solvents for industrial applications such as enzymatic
groups attached to the polymer network selectively under%nthesis of pharmaceuticals and bidfdélas well as for
VPT in response to a specanalyté’*42%?! This analyte . ) . .

gsensing and degrading toxic compounds important to the

induced Y]PT shhg_ts thhe errr:bed(_ied pholtcl)_nic qryr]slaalléb Al fense industfy>* Organic solvents typically denature
spacing, thus shifting the photonic crystal ligiatodion. proteins and sigriantly decrease protein reactiVityhis

These VPT involve distinct changes in the hydrogel : .
organogel volume in response to small changes in th@s led to the development of several techniques to stabilize

hydrogel/organogel chemical environrifeffhese volume proteinsea?gainst denaturation or deactivation by organic
changes are caused by osmotic pressuvesch derive from solvents!

changes in the Gibbs free energog’>>" Osmotic
pressures in the system induce mass transfer of the molsileceived: November 5, 2019
phase: either partitioning the mobile phase into the polymetevised: December 19, 2019
network to cause swelling, or expelling the mobile phase fablished: December 20, 2019
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We very recently developed methods to fabricate stimuliln this work, we characterize the protein secondary
responsive pure protein organogels for sensing and catalgsisicture, protein hydration, and the protein polymer
applicationd’ The pure protein organogels are fabricated fronmorphology in the BSA hydrogels, organogels, and water
pure protein hydrogels by using a stepwise solvent exchamggubated organogels in order to elucidate the mechanisms
that replaces the aqueous mobile phase of pure protdimvolved in this irreversible VPT. The BSA secondary structure
hydrogels with ethylene glycol (EG). Chemically cross-linked the hydrogel, organogel, and water incubated organogel is
pure protein polymer hydrogels are fabricated by polymerizidgtermined using the UVRR Amband frequencies that are
protein monomers in solution using glutaraldehyde. Theensitive to changes in the peptide secondary stt(Ttuee.
proteins are immobilized by this protein polymerization sucprotein solvation shell water layer in the BSA organogel is
that the proteins retain their native reactivity after the agueoestimated using the strong NIR absorbance of water. Cryo-
mobile phase is replaced with pure EG. Protein immobilizatié®EM is used to image the morphology of the BSA hydrogels
is a widely used strategy to stabilize proteins againgnd water incubated orgaeisg elucidating the super-
denaturation, which t}/pically enhances protein activity imolecular structure of the protein polymer networks. The
organic solvent§? 40 4 change in the protein polymer surface area exposed to the

We believe that our photonic crystal BSA organogef$ensomobile phase is determined by titrating the BSA amino acid
is the rst reported responsive pure protein organogel tearboxyl groups.
exhibit a VPT in response to ligand binding. The polymerized We discuss the chemistry and mechanisms involved in the
BSA in the organogels bind the same ligands as do the BBSA hydrogel to organogel transformation that result in this
hydrogefs and the native protein monomi&f§. The BSA large irreversible VPT shrinking. VPT that dramatically
hydrogels and organogels also exhibit similar VPT responsedésrease the volume of cross-linked polymer networks are
ligand binding, swelling when BSA binds charged ligands liaéen driven by polymer phase separations; for example, the
ibuprofen and fatty acids. extraordinarily large VPT of p(isopropylacrylamide) hydrogels

Recent publications have investigated conformation&sl caused by lower criticadlidion temperature phase
change and phase transitidisin dipeptide organogels. separation, which is initiategtoe%/ a hydrophobic collapse of
For example, Yuan et’ademonstrated that self-assembledthe isopropyl groups from watér. We posit that the origin
diphenylalanine organogels are responsive to changes in @hdhe irreversible VPT stems from interprotein interactions
solvent composition. The addition of chloroform to theformed during the BSA polymer phase separation. These
hexauoropropanol/toluene mobile phase caused organogiterprotein interactions act as additional polymer network
swelling, whereas the addition of water caused a gel to cryst@iss-links that prevent BSA polymer swelling of the water
transition. The development of more selective responsiugcubated organogel.
hydrogel and organogel materials is enabled by utilizing
proteins instead of simple dipeptide molecules because EXPERIMENTAL SECTION
proteins have evolved to have spdigand binding pockets. Materials. BSA (>98%; lyophilized powder, essentially fatty acid
HOWever’ the responsive prOtem polymers rep_orted on he{r%e) and Sigmaco(te were )[/)u?chasedpf)rom Si’gma-AIdricﬁ angused as
and in our previous publlcaﬁ?)r‘nave substantially more  received. Glutaraldehyde (50 wt %) in water was purchased from
complex polymemobile phase interactions compared to thesigma-Aldrich and diluted to 12.5 wt % glutaraldehyde with nanopure
homogeneous dipeptide organogels, due to their heterogeater. Ethylene glycol (ceetd, <0.2% water) was purchased from
neous composition of 20 possible amino acids, leading Eisher Chemical and used as received. Nanopure water was produced
interesting VPT phenomenon in response to environmente$ing a Barnstead NANOpurenity system. Type A brass planchets
changes. were p_urchased from Ted Pella.

The water to EG solvent exchange that transforanFabmat'on of BSA Hydrogels, Organogels, and Organogels

. . . ubated in Water. BSA hydrogels were fabricated by polymer-
responsive BSA hydrogels into responsive BSA organogh BSA monomers in solution using glutaraldehyde to form

induces a large VPT that decreases the organogel volume@gjent linkages between BSA lysine residues, as described in our
the concentration of EG in the mobile phase increases. Pgvious publicationsGlass microscope slides were treated with
shown herein, this solvent exchange induced VPT Sigmacote to make their surfaces hydrophobiél® m thick
irreversible; rehydrating the BSA organogel by exchangisigpcer was created by adhering layers of 3 M Scotch Magic Greener
the EG mobile phase back to water does not result itape along the four edges of the slide. The spacer ensures that the
reswelling. polymerized hydrogdm has a uniform thickness. . .
This VPT irreversibility is enabling for developing our A 200 mg/mL BSA stock solution was prepared by dissolving

r - :
selective protein organogel sensors because it creates che%@%'"md BSA powder in nanopure water. BSA hydrogel polymer-

that . itive dotuati in humidit d n was initiated by adding @4of a 12.5 wt % glutaraldehyde
Sensors that are Iinsensitive totuations In humidity and - 54)tion to 1.0 mL of the BSA stock solution. The solution was shaken

water concentration, thus increasing their potential applicgs mix the components, and then poured onto the glass slide within
tions. EG was utilized as the mobile phase due to its low vapgé spacer. A second glass slide was placed on top and pnéssed
pressure. Protein organogels that utilize an EG mobile phase the spacer to expel excess solution. The BSA/glutaraldehyde
are more resistant to evaporation compared to proteigolution was polymerized for 3 h at room temperature. After
hydrogels, increasing the time scales these responsive matdiftgerization, the slides were separated, releasing the BSA hydrogel
can function when exposed to ambient conditions. Thus, thed8S- BSA hydrogels were washed with large amounts of nanopure
responsive protein organogels with low vapor pressure molHater for 2 days to remove unreacted BSA and glutaraldehyde.

o . A organogels were fabricated by using a stepwise solvent
phases could be utilized for sensing gas phase analytes. E& ange process that replaces the aqueous mobile phasé®with EG.

hydroscopic, therefore, the orgar®gedensitivity to the EG  gga hydrogels were incubated in aqueous solutions containing
water content is highly advantageous for developing g@greasing concentrations of EG for 24 h each during which the

sensing materials as it eliminates false negatives and posiége@nt was replaced 3 times wi#%0 mL of fresh solution. The

that may result from changes in humidity. samples were placed on a shaker to mix the BSA gels and solution

B DOI:10.1021/acs.biomac.9b01522
BiomacromoleculeXXXX, XXX, XX¥XXX


http://dx.doi.org/10.1021/acs.biomac.9b01522

Biomacromolecules

during the exchange. The BSA hydrogels were transferred frahe quartz cuvette. Experimental details of these measurements are
nanopure water to 30% (v/v) EG in water, then to 50% (v/v) EG inprovided in th&upporting InformatiomheSupporting Information
water, and then to 70% (v/v) EG in water. Finally, the BSA gels weedso includes the NIR absorbance of the EG/water solutions and the
equilibrated with pure EG for 2 days to complete the solvenBSA organogels, the calibration curve for water absorption in EG at
exchange. The250 mL volume of pure EG was replaced 6 times1915 nm, and discusses the calculation of the water concentration in
over those 2 days to ensure that excess water was removed fromtiieeorganogel.
mobile phase. Cryo-SEM of BSA Hydrogels and Water Incubated BSA
Water incubated BSA organogels were fabricated by exchanging@ganogels. Preparation of BSA Solution, BSA Hydrogel, and
pure EG mobile phase of BSA organogels back to pure water. TWater Incubated BSA Organogel Samples for Cryo-SBM-SEM
stepwise solvent exchange described above was reversed; B®fing was performed at the University of Minnesota College of
organogels were incubated for 24 h on the shaker in 70% (v/A\8cience and Engineering Characterization Facility in collaboration
EG, followed by 50% (v/v) EG, and then 30% (v/v) EG. T2&0 with Chris Fretham and Hanseung Lee.
mL volume of solvent was replaced 3 times each day. Finally, theBSA was dissolved in nanopure water to make 200 mg/mL BSA
organogels were incubated in nanopure water for 3 days 2fere  solutions. The BSA solution samples were prepared for Cryo-SEM by
mL of fresh water was replaced 4 times daily to ensure that all the E&ndwiching a 3L aliquot of this BSA solution between two brass
was removed from the mobile phase. planchets. The Ted Pella Type A planchets were 3 mm in diameter.
Volume Phase Transition Measurements.Directly after  They contained a 2 mm diameter, 160deep well in the center.
polymerization of the BSA hydrogels, before washing the hydrogglse cylindrical cavity between the planchets that contained the
in water, the hydrogdims were cut into smaller square pieces using &amples was 20én thick.
razor blade. The dimensions of each piece were measured using he BSA hydrogel samples were prepared by polymerizing the
digital micrometer. The precisely measured hydrogel samples Wgiga/glutaraldehyde solution between two Type A brass planchets, in
washed in nanopure water followed by the stepwise solvent excha@ge2 mm diameter, 200n thick cavity. The surface of the brass
steps described above. The dimensions of the hydrogel/organogglnchets was abraded prior to hydrogel polymerization to promote
samples were measured after incubation in each solvent compositifhesion between the hydrogel and planchet so that the hydrogels
The' BSA hydrogel pieces exist as a#ng Ims that appear to  fr5ctured after freezing.
swell isotropically. Therefore, the hydrogel and organogel Vc_"Umes_Cryo-SEM imaging requires sublimation of the water mobile phase
can be calculated from the measured gel areas using the swelling §atiyeal the polymer stationary phase. Protocalshdreeze pure

312 ) )
(A) — % whereA, andV, are the initial area and volume of the EG and subsequently sublimate the EG mobile phase do not currently

A exist. Therefore, the EG mobile phase was exchanged back to water to
BSA hydrogel piece directly after polymerization,Aviild v are form the water incubated organogel as described above. The thickness
the area and volume of the BSA hydrogel or organogel aftgf the water incubated organogel was between 0.18 and 012
incubating in a particular EG/water solution. after the solvent exchange process was completed. A specialized die

The initial BSA concentration in the hydrogel directly afteryas fabricated by the University of Pittsburgh machine shop and used
polymerization is 200 mg/mL. This concentration corresponds to & cut 1.8 mm diameter discs from the BSA orgariogel These

initial BSA polymer volume fraction pF 15%, given the spexi  organogel disce snuggly into the 2 mm diameter/0.2 mm thick
volume of BSA in water is 0.734/gm’ The BSA polymer volume cavity between the two Type A brass planchets.

fraction _in the hydrogel_ or organogel after swelling or shrinking in High pressureash freezing of the samples between brass planchets
solvent is calculated using the volume swellingeratii ( was done using a BAL-TEC HPM 010 high pressure freezing machine
at 2100 bar with liquid nitrogen (BN High pressure freezing

= X v promotes formation of vitreous ice and prevents the formation of ice
M (1) crystals that can destroy the delicate network stifcamples
were stored under constant cryogenic temperatures.
UV Resonance Raman Spectroscopy of BSA Hydrogels and The planchets containing frozen samples weee & the sample

Organogels. UV Resonance Raman (UVRR) spectroscopy was usghger while stillimmersed in atth. A photograph of the sample
to investigate the secondary structure of BSA monomers free | |qer is shown iffigure Siof the Supporting Information. The

solution and polymerized BSA in the hydrogel, organogel, and wagf, e holder was then transferred to the Leica EM ACE600 high
|ncubat_ed organoge_l. . . . . vacuum sputter coater using the Leica VCT100 shuttle. The Leica
The |nstrulmentat|on used was prewous_ly (_jescr_|bed in detail CT100 shuttle and the Leica EM ACEG600 instrument were cooled
fBngﬁ\éni; fﬁnp ”\:]Vge tﬁg?ﬁ:ﬁgﬂ ézr?til g?aeﬁg!tzggnle:;ggggﬁﬁ:' with LN, prior to transferring the samples. It is important that the
sample remains at cryogenic temperatures to avoid ice crystal

The 355 nm light was then Raman shifted264 nm using the : LT
: . : ._formation. The pressure and temperature inside the chambers were
fth anti-Stokes harmonic of hydrogen gas (30 psi). The 204 nm Ilgm intained at 156 10 5 mbar and at 166°C. A cold knife was used

was focused onto a spinning Suprasil quartz NMR tube containing t - .
sample, and al65 backscattering geometry was used to collect th 0 remove the top planchet, fracturing the sample to reveal the inner
! Lp(@rogel and organogel polymer networks.

scattered light. The scattered light was dispersed using a home- e S . . .
g 9 b J itri ed ice in the interstitial spaces of the protein polymer

double spectrometer in a subtractive gqumation. The dispersed K db blimati ; ferred
light was imaged using a liquid nitrogen cooled back-thinned CCBFtWork was removed by sublimation, a process sometimes referred to

camera (Princeton Instruments) with a Lumogen E coating. as Cryo-etching.The temperature insid.e the chamber was increased
NIR Absorption Measurements of BSA Organogel Water from 166 t50 100°C at a rate of 3C/min. The pressure was kept
Content. The strong water absorption band at 1915 nm was used &t 1.5% 10 > mbar. The sample was held 260°C for 40 min to
calculate the water content in BSA organogels using a protocol sim@dPw signicant sublimation of vitreous ice at the surface. This reveals
to that of our previous publicatiGriThe NIR absorption between the protein polymer network. A cold trap keptl&0°C was placed
1400 and 2000 nm was measured for solutions containing 1.6 mL@fer the sample to prevent sublimated water vapor from condensing
EG and 0, 5, 10, 15, 20, and R&vater in a 5 mm path length quartz back onto the sample.
cuvette. After 40 min, the temperature was decreasetil®°C, halting
The absorption of 1 and 2 layers of the BSA orgafrogeds also  the sublimation of water. After sublimation, samples were sputter
measured. The 42@n thick organogelm was cut to the size of the coated, depositing a 25.03 nm layer of platinum on the sample.
cuvette inner wall @ cmx 4 cm). Excess EG on the surface of the The thickness of the Pt coating was determined by the frequency shift
organogel Ims was removed by blotting theas with Iter paper of a quartz crystal oscillator, calibrated for the density of the Pt
until the surface appeared dry. Thewas then placed on the wall of deposited.
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Figure 1.(A) BSA protein structure showing lysine residues highlighted in red. Structure obtained from RCSB Protein Data Bank, 3V03. Image
made using PyMol software. (B) One of the possible glutaraldehyde interprotein cross-linking reactions; the aldehyde and lysine amine group fo
a Schi base that covalently links the two proteins.

Cryo-SEM of Frozen Hydrated BSA Hydrogels and Waterinterconnect to form the 3-dimensional hydrogel polymer
Incubated Organogelshe samples were transferred to the Hitachi network.
SUB230 eld emission gun scanning electron microscope under Glutaraldehyde is most reactive toward lysine residues on

vacuum at cryogenic temperatures in the Leica VCT100 shuttle. T : ; ; ;
L sica VCTL00 Cry0-stage (emperature was maintaintdsic Yﬂ\’?@protem surfaC&.BSA contains 60 lysine residues, 34 of

- . . vhjch are located on the BSA surfacgu(e A) and are

throughout imaging. Samples were examined using low acceleratl ¢ . ’
voltages (0.8 kV) to avoid charging and subsequent damage to th ilable for glutgraldehyde interprotein cross-ﬁﬁla'hg.
sample. Samples were left in the SEM chamber overnight undepA Surface lysine residues are up _thZOS‘ apart. _
vacuum after Cryo-SEM imaging was complete. As the temperat@&itaraldehyde reacts in aqueous solutions to form a mixture
inside the vacuum chamber slowly increased throughout the night, @ glutaraldehyde monomers and glutaraldehyde polymers of
samples became freeze-dried. The freeze-dried samples were imageidus lengthé. Thus, both interprotein and intraprotein
the next day before the SEM was cooled with ThNe stage  cross-linking can occur.
temperature was10 °C during SEM imaging of the freeze-dried Intraprotein cross-linking is favored at low protein and
samples. glutaraldehyde concentratishét high protein concentra-

We used the NIH software Imaged analyze the BSA polymer tions and at higher glutaraldehyde/protein ratios (typically
networks in the Cryo-SEM micrographs. The BSA polymer strargi25), interprotein cross-linking is favofedhe 27

D e O e PO PO earaldehyde/BSA ratio that was used to polymerize the
. . 0 mg/mL BSA solution should favor interprotein cross-
Titration of BSA Hydrogels and Water Incubated Organo- e . . o .
gels. BSA hydrogelsywerg prepared as described abo?/e and cutiKing over intraprotein cross-linking, forming a polymer of
various sizes directly after polymerization before incubating in waté@valently linked protein monomers. One possible interprotein
TEe concer;tratic;]nfs ofhl|3SA in thege B(;A IE\ydrogﬁlsdare ?l_OO mg/rm_{.OES-lIlrékllf:gdreactloP is %{ECiWﬁI[iljur_e B, there rTIOT}OfneFICS .
The area of each freshly prepared #2thick BSA hydrogel piece glutaraldenyde reacts with two lysine residues to form a Schi
was measured and the moles of protein contained in each B®ase. The formation of interprotein cross-links is evident from
hydrogel piece was calculated from its volume. The hydrogel samples formation of the insoluble protein polymer network that
were then equilibrated in nanopure water. makes up the hydrogel. These elastic BSA hydrogels are
Half of the BSA hydrogel samples were transformed to BS§, ciently robust to be easily handled.

organogels using the stepwise EG exchange process. These organo ~ ;
samples were then rehydrated with nanopure water by reversing tﬁ(gﬁ&/o SEM Imaging of BSA Hydrogel Morphology and

stepwise solvent exchange process. These samples were { eHomgy' We utilized Cryo-SEM to image the BSA hydrogel

H 65
incubated in water for 3 days, during which the water was replacgborphomgy. in the hydrated SEAtE?”" The hydrogel
twice daily with fresh nanopure water. morphology is deed as the supermolecular structure of the

The BSA hydrogels and water incubated organogels were placedt Polymer network that gives rise to the polymer strand
2 mL of pH 7.5 nanopure water. The pH was monitored using &liameters, polymer strand lengths, and the network pore
Hanna Instruments HI5522 pH meter with a Hanna Instruments HBizes®>° Polymer morphology can sigaintly impact the
1083 microelectrode asZ® L aliquots of 0.1 M HCI titrant were  hydrogel properties, such as their swelling behavior, which
added to the solutions containing the gels. After each addition af ects hydrogel sensing and drug release behaviors, and their
HCL, the solution was mixed for 15 min before the pH was recordeghechanical propertﬂgg For example, hydrogel networks
The pH was then plotted again821cladded gy replicate  with increased cross-link density form increasingly more robust

mol BSA . s .
measurements were performed for both the BSA hydrogels aftfterials that exhibit smaller VPT in response to analyte
water incubated organogels. recognition.
Macroscopically, our BSA hydrogels are transparent and
RESULTS AND DISCUSSION appear to be homogeneolss. These BSA hydrogéhs

) ) ) also exhibit homogeneous and isotropic VPT swelling in
Responsive pure protein hydrogels are fabricated by polymgisponse to hydrogel protdigand binding=° At the nano-
izing BSA protein monomers using glutaraldehyde to forgnd/or microscale, the BSA hydrogel supermolecular structure
covalent linkages between BSA lysine resifligese( ). appears relatively heterogeneous, as shdviguir 2 The
Glutaraldehyde is a commonly used protein cross-linker aBSA hydrogel network pore sizes have a large distribution of
xative that has little impact on the native protein structur@iameters, ranging frons0 to 200 nm.
and the native protein reactivity. We use the term The Cryo-SEM micrographs reveal a discernible BSA
“interproteincross-links to specically describe the short polymer network once the vitreous ice is sublimed from the
glutaraldehyde linkages between BSA proteins in the pusampleffigure 2 D). The 40 min sublimation time removes
protein polymer chains. This is distinct fronpthgmecross- most of the bulk water near the sample surface, revealing the
links that dene points where the protein polymer chainsprotein polymer network morphology of our frozen hydrated
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Figure 2.Cryo-SEM of frozen hydrated BSA hydrogelB)and of BSA monomer solutions prior to polymerization (E), and a non-Cryo-SEM

of a BSA hydrogel that was freeze-dried (F). Frozen hydrated BSA hydrogels are shown at2ghnagniOK magncation (B), red

arrow points to vitreous ice remaining in the sample; 70K cagigni (C), red box indicates the area that is enlarged in Figure 2D. (D) Enlarged

area frontigure € where the thin BSA polymer strands are clearly visible. The red line highlights one of the measured protein polymer strand
lengths. (E) Cryo-SEM of BSA monomer solutions before glutaraldehyde polymerization: ¢afoma)iNon-Cryo-SEM of freeze-dried

BSA hydrogel: 70K magration.

BSA hydrogeFigure B shows an area with many patches ofspectroscopy has shown that the water solvation shell can
vitreous ice remaining on the sample. The red arfoguire extend up to 0.8 1.5 nm from the protein surf4c¢é&’ The

2B points to one of these remaining vitreous ice patches. B84 nm Pt sputter coating will also increase the dimensions of
is a hydrophilic water-soluble protein. Thus, solvation shefle hydrated BSA polymer strands. These measured BSA
waters will be dicult to sublimate under these conditions in nolymer strand diameteRdure } are roughly similar to the

40 min and will tend to remain bound to the polymerized Bspexpected dimension of a single, Pt coated, hydrated BSA
Shown inFigure A D, the hydrogel consists of a 3D

. : rotein.
network of interconnected thin BSA polymer strands. The BéJA

polymer strand diameters were measured in areas wh%ré: rom these high resolution Cryo-SEM images of hydrated
vitreous ice had mostly sublimated, as shoWiyine D. A hydrogels, we can detect the polymerized BSA hydrogel

4 .
The BSA hydrogel is primarily composed of BSA ponméPpomgﬁ l.e., how the BSA protein monomers are

strands having diameters 46+ 5 nm interconnected by the glutaraldehyde interprotein cross-linking

These 15 nm BSA polymer strand diameters are roughl{® form the polymer network. Thaingle BSA diameter of
the width of a single hydrated BSA protein monomer. X-raf€ protein polymer strands indicates that most of the globular
di raction measurements of BSA crystals determined that tREOteins are bound together into roughly linear BSA chains,
BSA monomer has dimensions 4 6.5x 7.5 nmi.%* We reminiscent of a pearl-necklace-like structure. Polymer cross-
expect that the measured dimensions of a single BSA in diks in the BSA hydrogel network are created by a protein that
samples will be larger than the crystal structure dimensions dagms 3 interprotein cross-links that connect two or more of
to its bound water layers and its Pt coating. Terahertthese BSA polymer strands, as illustrateidime 3
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Polymer Crosslinks volume swelling ratiog|V, (red circles), and the resulting
Connecting BSA BSA polymer volume fractiongblack squares), are shown in
Polymer Strands Figure 4beginning with the initial BSA hydrogel directly after

30 100:0 7% -
BSA Polymer H,0:EG —a -
Strands of NP _;{’
Inter-Protein = T20 &
. < =
Crosslinked 5 20 -nitially o%
BSA g Polymerized - 1.5 =
e 1Hydrogel [
< =
A 15 A +10 °
Figure 3.Proposed BSA hydrogel topology based oRidiee 2 f}; 1 E
Cryo-SEM images. Black arrows point to polymer cross-links, wher® ;| 15 =
BSA forms interprotein cross-links that connect two polymer stranc 100:0 ~
Red arrows point to the érent protein polymer strands that are , H,0:EG
/4

colored red, green, and pink. 5

4
H,0 ==ssm) EG =) H,O
Stepwise Solvent Exchange

We can approximate the molecular weight between cross-
links in the BSA hydrogel network by estimating the number &fgure 4.Dependence of the BSA polymer volume fractifaft
proteins (MW: 66 463 g/mol BSA) in the polymer strandsaxis, black squares), and the swelling Yo, (right axis, red
between polymer cross-links. The red lin€igure D circles), as a function of mobile phase composition during the
highlights a measured polymer strand length. The BSSiepwise water to EG exchange. The breaks in the graph illustrate the

polymer strand lengths correspond 5030 BSA proteins; Stepwise solvent exchange from pure EG back to pure water.

i.e., the molecular weight between cross-links in the B%ﬁhtaraldehyde polymerizationX 15 vol %), and for each

polymer network is betwee8 x 10 and 2x 10° g/mol. subsequent solvent exchange step in the hydrogel to organogel
The polymer cross-link density is the dominant factog sformation

determining the elastic free energy storage of the respons he BSA hydrogel initially swells when incubated in water

BSA hydrogéF® Increasing the polymer cross-link density ﬂ | ! et il th . ) ibriamm:
limits VPT swelling and shrinking. The cross-link density ia ' Polymenzation until the system comes 1o equilibrium.

inversely proportional to the average molecular weight= %“: 0. BSA hydrogel swelling in nanopure water
between cross-links. decreases the BSA polymer volume fraction frob vol %

There are clear dirences between the BSA hydrogels = 6 vol % BSA.
morphology kigure 2 D) and the morphology of the BSA  Tne hydrogel then shrinks as the concentration of EG in the
monomer solution before glutaraldehyde polymerizatiopopile phase increases. Thal organogel volume equili-
(Figure E). Cryo-SEM images of the BSA monomer solutioryateq in pure EG is roughly half that of the initially fabricated
lack the characteristic interconnected polymer networ drogel. This produces an organogel where the BSA polymer
observed for the BSA hydrogels. Thisreince between the VXIume fraction is = 27 vol %.
glutaraldehyde polymerized BSA hydrogel and the BSApapyqrating the organogel by exchanging the EG mobile

monomer solution corms that predomi_nar_ltly interprotein hase back to water does not cause organogel swelling. The
ggzsg(l)rl]lljﬁo?];eaftO;melSt:r)éltjh:h pggggzza:ggir?frazt?oongIYm SA organogel does not reswell after incubating in water for
g y P wover 7 days, nor does it swell when the solution is mildly

Cryo-SEM is uniquely able to probe hydrated samples Iilﬁe

. L . : eated to 45°C. This temperature is below the %7
&ygrg’r?jfgév_&é@‘,geuﬂﬁ I%%i?:gstaltﬁgEgcﬁggltfar\?jgtei:)nngozrgar temperature that induces BSA conformational changes.

%bove 57°C, swelling may result from protein unfolding.

hni i I i i EM i i , .
techniques  require sample drying prior to S 'magin he BSA polymer volume fraction of these water incubated

Drying the hydrogel results in the collapse of the polym ; .
network. It is much more diult to observe and measure the BSA 0rganogels is equal to that of the BSA organogel in EG,
727 vol % BSA.

individual polymer strands in non-Cryo-SEM images whe . . .
BSA hydrogel samples are freeze-dfiedr¢ E). Freeze- Flory polymer solution theory is often used to describe the

dried BSA hydrogel samples also appear to have smaller pf83 Phenomendii, which describes the VPT in terms of
compared to those of the frozen hydrated sanffilesg ~ OSMotic pressures in the system that drive the volume change.
2A D). These osmotic pressures derive from Gibbs free energy
EG Solvent Exchange Causes Irreversible VPThe changes in the polymenobile phase system. The change in
stepwise solvent exchange from water to EG transfor total Gibbs free energysy,, has contributions from free
responsive BSA hydrogels into responsive BSA organogels &gy of mixing change&,, elastic free energy changes,
sense proteirigand binding in the pure organic solvent G, and ionic free energy chang&,,”°® Changes in the
environment® This EG exchange causes a large VPT thamobile phase composition often induGg;,. Typically, G
decreases the organogel volume. This VPT is irreversible wathd G, are expected to be small for a simple solvent
respect to the mobile phase composition. Attempting texchange.
rehydrate the BSA organogel by reversing the stepwise solvethe VPT that results in a dramatic decrease in volume
exchange back to water does not cause organogel swelling. Jinggests that phase separation of the BSA polymer and mobile
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phase occurs during the water to EG exchange. Th —BSA Hydrogel
irreversibility very generally indicates that there is a hystere —BSA Organogel
in the total Gibbs free energy between the BSA hydrogel ai
water incubated BSA organogel. The mechanisms of this phi
separation and the origin of this irreversible VPT are discuss
below.

BSA Hydrogel, Organogel, and Water Incubated
Organogel Secondary Structures.The secondary struc-
tures of BSA hydrogels, organogels, and water incubats
organogels were investigated using UV Resonance Ran
(UVRR) spectroscopy. UVRR spectroscopy is a powerful to
for investigating the hydrogen bonfgsolvation environ-
ment/*’? and secondary structtfeé®’* in proteing>’®
UVRR measurements were performed with an excitatic j j ' j " '
wavelength of 204 nm that is in resonance with the 1150 1250 1350 1450 1550 1650 1750
secondary amide * transitions of the polypeptide Wavenumber / cm!
backboné® This enhances the Raman scattering of vibrationsigure 5.UVRR spectra of BSA hydrogel (blue), BSA organogel
that couple to the backbone amide electronic tranéftions.  (red), and BSA hydrogeirganogel derence spectrum (green). The

The UVRR enhanced amide; band frequency is highly broad Amlifband at 1240 1270 cm? results from the distribution
sensitive to the Ramachandraorsion angles of the peptide of peptide backboneangles used to calculate the protein secondary
backbone, enabling quani#@at analysis of the protein structure. Spectral erences at 1460 cm% result from the
secondary structted* The Amll band, found in the subtraction of an intense EG Raman peak in the BSA organogel.

1200 1300 cm? spectral region, consists primarily ofiC
stretching and NH bending of the peptide Bbn@he organogel compared to the hydrogel. The BSA proteins in the
frequency of the Amitiband sinusoidally depends on the organogel show a4% increase in-helical secondary
Ramachandran torsion angle of the peptide bdAt.  structures compared to that of the BSA hydrogels.

Mikhonin et al. developed equations to calculate the Thijs result is consistent with previously reported data for
Ramachandran angles from the measured Agilll jmmobilized albumins in the presence o@é’@.or example,
frequencie¥. Wasacz et al. used IR/ATR spectroscopy to investigate the

The distribution of secondary structure populations irstructure of human serum albumin (HSA) that was adsorbed
proteins gives rise to a particular set ofingles. The onto a substrate in water, EG, and metlafibky observed
secondary structure distribution inhomogeneously broadegs increased intensity of théelix Amlly band when HSA
the Amllk band. The secondary structures in our BSA proteingas exposed to EG. Organic mobile phases generally decrease
are determined from the broadened ArRiiman bands. The  the solvers ability to compete for hydrogen bonds compared
Amlll; band shape idted to a series of Lorentzians whoseto water. As a result, the proteins form more intrapeptide
sum ts the Amll} Raman band shapes. Each Lorentzian bandydrogen bonding which increases the propensityhédix
correlates to a particularangle frequency. The details of the and -sheet secondary structure formation.
calculated distribution of protein secondary structures in theThe UVRR spectra of water incubated BSA organogels
BSA hydrogels, organogels, and water incubated organogelseéveal that the 4% increase in the BSA organogetlical
provided in thé&Supporting Information conformations is reversible when EG is exchanged back to

We reproduced UVRR measurements of the BSA hydrogeater. The Amlilband for the water incubated organogel is
and BSA monomers in aqueous solution. The reproducegsentially identical to that of the BSA hydrégglire ,

UVRR spectra, shown Figure S2 agree with previous indicating that the BSA hydrogel and water incubated
measurementsThe Amllk band shapes of the polymerized organogel have similar secondary structures.

BSA hydrogel and BSA monomer are essentially identicalThe EG appears to be completely washed out of the
indicating that the protein secondary structure is not perturbestganogel during the EG to water exchange. The intense EG
by the glutaraldehyde interprotein cross-linking that forms ttRaman peak at1460 cm! in the UVRR BSA organogel
BSA polymer network. spectrum does not appear in the water incubated BSA

In both the BSA monomer and the BSA hydrogelt tife organogel spectrum.
the Amllk band shape produces a dominant Lorentzian band We also examined the frequency of the Aml band of the BSA
at 1263 cm?; this AmllL® frequency correlates to aangle hydrogel, BSA organogel, and rehydrated BSA organogel. The
of  47%"* This  angle derives from anhelical ~ Aml band in the 1650 1700 cm' spectral region consists
secondary structure. The area under the Lorentzian band @medominantly of the CO stretching motion of the peptide
1263 cm! accounts for 65% of the total Amylband backboné® The BSA hydrogel, BSA organogel, and water
intensity, indicating that BSA is predominarttiglical. Other  incubated BSA organogel all have Aml bands at about 1665
investigations on native BSA monomers also found the B$# *. The constant Aml band frequency in the BSA hydrogel
secondary structure to b87% -helical.""® and organogel spectra indicates that the hydrogen bonding and

The BSA organogel Amllband is shifted to a higher dielectric environments of the protein backbone amides are
frequency from that of the BSA hydrogeéyure . The similar for the polymerized BSA proteins in the water and EG
negative peak in the hydrogebanogel derence spectrum mobile phasés/®’® This is unexpected since the dielectric
at 1265 cm® (green spectrum iRigure % highlights the  constant of EG is signantly lower than that of water. This
di erences in the two Amjbands. This indicates that the  frequency would shift if the lower dielectric EG mobile phase
helix type AmIl band has an increased intensity in thecaused disruptions to the H-bonding environment of the

—Hydrogel-Organogel

tensity
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—BSA Hydrogel 1400 2000 nm NIR absorbance of BSA organogels, the
. absorbance of E@vater mixtures, and the dependence of the

Water Incubated BSA Organogel 1915 nm absorbance as a function of water concentration.
—Hydrogel- Water Incub. Organogel Details on the calculations of the water molar absorptivity at
1915 nm, the water concentration in bulk EG, and the
calculation of the water concentration in our BSA organogels
are also included in tiseipporting Information

The BSA organogels are in equilibrium with an EG mobile
phase that contain®.08 M water. The 1400000 nm NIR
absorbance spectra of the BSA organiogelare shown in
Figure S5in the Supporting Information. The strong
absorption around 1900 nm stems from water that is
| : : i . . partitioned into the organogemms. From these absorbance
1150 1250 1350 1450 1550 1650 1750 measurements, we calculate that the maximum BSA organogel

water concentration is &00.2 M.
Wavenumber (cm-1) To account for the small EG absorbance contributions to

Figure 6. UVRR spectra of (blue) BSA hydrogel, (red) BSA the total organogel absorbance, the absorbance of a 420 and
organogel incubated in water, and (green) BSA hydragel 820 m thick pure EGIm was subtracted from the total BSA
organogel incubated in wateredénce spectrum. organogel absorbance. This subtraction overestimates the EG
absorption since the EG content in the organogel is less than
that of a pure EGIm. The minimum BSA organogel water
peptide backbone. Aml band frequency shifts in FT-IR specftancentration is calculated using this EG subtracted
have been observed for HSA when bound water layers agsorbance. Our BSA organogels contain at leastO&5
stripped from the protein surface by the addition 6fF EG. M water. We assume that the increased water content in the

Water Content in BSA Organogels.NIR absorption  BSA organogels relative to the bulk EG mobile phase stems
spectroscopy was used to measure the water content in dtom solvation shell waters that are bound to the polymerized
BSA organogels to elucidate the microenvironment around tB&A proteins.
proteins of the organogel. Water strongly absorbs betweerThese BSA organogel water concentrations correspond to
1900 and 1950 nm, whereas the EG has minimal absorptionldi82 1475 water molecules per BSA protein. Small-angle
these wavelengthsThe Supporting Informatidncludes the  neutron scattering experiments and theoretical calculations of a

Intensity

Figure 7.Cryo-SEM images comparing the morphology of BSA hydrogels (A, B) to that of the water incubated BSA organogels (C, D) after 40
min of sublimation and the application of a 2.5 nm Pt sputter coat. (A) BSA hydrogel; 7@ktimag(B) Enlarged area of BSA hydrogel,

indicated by the red box kfigure A. (C) Water incubated BSA organogel; 50K magian. (D) Enlarged area of water incubated BSA
organogel, indicated by the red bokigure T.
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single water layer based on the BSA surface area have shgmups in the BSA hydrogels and in the water incubated
that the rst solvation shell of BSA contairl070 water  organogels.

molecule$¥®? Terahertz spectroscopy studies of albumin BSA contains 39 aspartic acid residues3(@1) and 59
proteins in aqueous solutions found that the bound solvatiaggiutamic acid residuesK(p4.15)°* The H" concentration

shell waters, which have slower water relaxation times relatigguired to titrate aqueous solutions containing BSA hydrogels
to bulk water, can exten®.85 nmito 1.5 nni“fromthe  or water incubated organogels from pH 6 to pBL35 is
protein surface. Shiraga et al. estimated thatOtB& nm directly proportional to the number of BSA carboxyl groups
solvation shell contain8400 waters per BSA @ hydration protonated. Only mobile phase accessible carboxyl groups on
layersf? the BSA polymer surface are titratable. Carboxyl groups buried

The polymerized BSA proteins in pure EG retain more thaby the BSA polymer morphology change are not titrated
one hydration layer. The 118275 waters per BSA because mobile phaseudion to the buried polymer surface
calculated in our BSA organogels correspond td.4.1 area is signtantly slowed.
solvation shells. The retained BSA solvation shell waters moshs shown irFigure 8the water incubated BSA organogel
likely account for the constant UVRR Aml frequencyfitration curve is shifted to lower acid concentrations relative to
measured in the BSA hydrogels and organogels.

This protein hydration layer is important for protein folding
and the dynamics necessary for protein ligand binding and
catalysi€® ®° For example, it has been experimentally
observed that there is a critical hydration level required for
enzymatic activity @ single monolayer of wat&¥**® Our
pure protein organogel sensors and catatggan much of
their native protein activity in EG, at least in part, due to the
retained hydration layers. A discussion on the retained protein
hydration shell of BSA organogels is provided in the
Supporting Information

Water Incubated BSA Organogel Morphology. Only
the water incubated BSA organogels could be investigated
using Cryo-SEM. The BSA organogels could not be imaged

because the EG mobile phase could not b.e sublimed from tpﬁure 8.Titration curve of the BSA hydrogel before the water to EG

BSA polymer structure. We hypothesize that the BSAchange (blue), and the water incubated BSA organogel after the

organogel and water incubated BSA organogel morphologigsier to EG exchange and EG to water exchange (red). The titration

are roughly similar. The irreversibility of the VPT indicates normalized to the number of moles dfatided to solution per

that the largest polymer morphology changes occur during thele of BSA in the sample.

water to EG exchange. We believe that additionataigni

morphology changes during the solvent exchange back to

water are unlikely. that of the BSA hydrogel. The titration curves of the hydrogels
The mobile phase exchange induces cagniirreversible  and water incubated organogels can be directly compared

changes in the morphology of the BSA polymer network. Asbacause the titration is normalized to the number of moles of

result, there is an obviousedence between the BSA protein H* added per mole of BSA in the hydrogel or water incubated
polymer network structure observed in Cryo-SEM images oefganogel.

the water incubated BSA organoBejufe T,D) compared The water incubated BSA organogels req@ifeld less

to that of the BSA hydrogétigure A,B). The water to EG  acid to protonate all titratable aspartic and glutamic acid

exchange changes the BSA polymer morphology from essidues compared to that of the BSA hydrogels. These

interconnected network of thin BSA polymer strands to é&tration results directly demonstrate that the VPT phase
dense amorphous BSA polymer phase in the water incubatggharation irreversibly changes the BSA polymer surface area

BSA organogel. This is accompanied by a decrease in thgosed to the mobile phase. The VPT renders about half the

polymer pore diameters compared to that of the BSA hydrogpblymer surface area inaccessible to the mobile phase.

The water incubated BSA organogel pore diameters range front should also be noted that formation of amino acid side
5to 30 nm. chain interactions may also occur during the phase separation
We could not resolve the individual BSA polymer strands #nd could contribute to the decrease in titratable carboxyl

the dense amorphous BSAlypter phase. Thus, the groups. Interactions between carboxylates and other amino

topological properties of the organogel network, such as theids may decrease theative K, of those carboxylates. For
number of interprotein cross-linked BSA in the proteirexample, salt bridges could form between the carboxylates and
polymer chains between polymer cross-links, cannot Ipesitively charged amino acids to stabilize the charged species.
estimated in the water incubated organogels, as we did forMechanism of Irreversible VPT Caused by EG

the BSA hydrogels. Thus, changes in the BSA polymer croEgechange. From these results, we are able to make certain

link density cannot be determined from these Cryo-SEMonclusions on the mechanisms that actuate the VPT during

images. the water to EG exchange. The large VPT that decreases the

From titration studies, we found that these morphologBSA organogel volume as a result of the EG exchange suggests
changes are accompanied by a decrease in the BSA polythat phase separation of the BSA polymer from the EG mobile
surface area that is accessible to the mobile phase. The chartgese occurs which induces a collapse of the polymer network.
in the mobile phase exposed BSA polymer surface area Whs BSA polymer phase separation is primarily driven by free
examined by titrating the pH sensitive amino acid carboxghergy of mixing change&,,
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Figure 9lllustration of the proposed kinetic two-stage phase separation of the BSA polymer that occurs during the water to EG estchange. The
stage (1alb) involves a fast coil-to-globule transition of the BSA polymer strands. This coil-to-globule transition decreases the distance betwee
BSA polymer strands. Polymerized BSA eredi protein polymer strands can form interprotein interactions where the BSA polymer strands are

in close proximity, highlighted by the blue circles in stage 1b. These additional interprotein polymer strand interactions formed during phas
separation increase the polymer cross-link density through physical polymer cross-linking, thus, preventing organogel reswetlimgr The second sl
stage (2a2b) of the phase separation involves knotting of the localized globules in the network and entanglement of the BSA polymer strand:
This second stage further increases the BSA polymer density, resulting in the very dense BSA polymer phase observed in the water incub
organogel Cryo-SEM.

The UVRR experiments clearly demonstrate that the BSand/or entropic penalties resulting from the poor solvent
secondary structure does not sagmitly change between the interacting with the polymer cha&is.1t is extremely dicult
hydrogel and organogel. During fabrication of the BS# parse out which entropic or enthalpic contribution
hydrogel, the proteins are immobilized by the glutaraldehydiminates this phase separation process because the hydrogel
cross-linking® Protein immobilization stabilizes the nativeand subsequent organogel have a highly complex system of
protein conformation, which inhibits protein denaturation bynteractions between the protein polymer and mobile phase.
the introduced organic solvent mobile pifasés important The proteins have polypeptide chains made up of acspeci
to eliminate the possibility of protein structural changesequence of 20 possible amino acid (AA) residues, that vary in
because protein conformational changes could contribute theeir hydrophobic properties, charge state, and hydrogen
the VPT phenomendnparticularly if the induced conforma- bonding strength. This specsequence of AA directs protein
tional change exposes amino acid side chains buried in floéding, leading to a protein conformation that exposes certain
native protein core. AA to the mobile phase and buries others in the core of the

The BSA polymer VPT that occurs during the EG exchang®otein. Each AA in the protein will haveedint enthalpic
is not caused by protein conformational changes but ratherasd entropic contributions to the protemobile phase
induced by an unfavorable change @, between the interactions depending on its chemical structure and depend-
protein polymer and mobile phase as the concentration of E&g on the neighboring amino acids.

increases. The hydrogel/organog@&,,, is primarily The large swelling ratio of the BSA hydrogel in water
determined by the Floriduggins polymesolvent inter-  indicates gga waer  0-5. The continuous decrease in BSA
action parameter,>*°® Polymers in a good solvent are highly hydrogel volume that occurs upon EG exchange indicates that
swollen and have smallvalues because polynmssivent increases with increasing EG concentrations. \WWkeseds

interactions are favorable. In contrast, polymers in a pothe critical value of 0.5, phase separation occurs. However, we
solvent have largewvalues, and contain little solvent becausecannot determine the EG concentration that initiates the phase
polymer polymer interactions are more favorable thamseparation from these existing data. A more careful
polymer mobile phase interactidiis. investigation of the BSA hydrogel VPT generated with smaller
Flory theory predicts that when 0.5, phase separation of incremental increases in the EG concentration is necessary.
the polymer from the mobile phase will occur due to enthalpi€he critical EG concentration that induces phase separation
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could be determined through titration of the BSA polymeprotein polymer is caused by the formation of additional
carboxyl groups after equilibration in each EG/water solutiophysical or chemical cross-links in the phase separated BSA
A large decrease in the solvent accessible polymer surface podamer. The initial coil-to-globule transition and subsequent
would elucidate the EG concentration at which phasglobule knotting decrease the distances between BSA polymer
separation occurs. strands in the network. This allows formation of interprotein

This mobile phase exchange induced phase separatiateractions between BSA proteins orerdint polymer
causes a collapse of the water swollen 3D protein polyn&rands that can act as polymer cross-links, indicated by the
network. During phase separation, the polymer attempts bbue circles ifrigure 9stage 1b.
minimize its free energy, thus initiating conformational Additional interprotein strand interactions may include the
changes in the polymer strands that minimize its surface afeamation of salt bridges or hydrogen bonds between AA side
in contact with the mobile ph&Se. chains that act as physical polymer cross-links. Electrostatic

Polymer phase separation in a poor solvent is thought &nd H-bonding interactions between AA side ¢&
occur as a (at least) two-stage process: a fast polymer strdikely to form during the water to EG exchange because EG is
collapse that induces a coil-to-globule-like transition in thless polar than water and is consequently a weaker H-bond
polymer strands, followed by a slower stage that involvasceptor/donor. Thus, the competitiveness of the solvent to
knotting of those globules and entanglement of the polymét-bond with the AA side chains decreases when water is
strands. °*We postulate that the BSA hydrogel to organoge¢xchanged for EG such that the AA interactions are
transformation via the exchange from water to EG generategrghalpically more favorable than E& interactions.
similar kinetic two-stage phase separation, resulting in thdéemical polymer cross-links could also form if dangling
dense amorphous BSA polymer phase observed in the wagkttaraldehyde groups are present. Polymer strand entangle-
incubated organogel Cryo-SEM images, as illustratgdrin ~~ ment could also create physical polymer cross-links in the BSA
9. polymer network.

The rst stage of the phase separation involves a coil-to-Thus, the elastic free energy of the BSA polymer network
globule transition of the BSA polymer strafidsife 9stage increases during the BSA hydrogel to organogel transition. The
la 1b). The thin BSA polymer strands in the water swollelastic free energy is an entropically derived restoring force that
hydrogel have an extended coil-like conformation. Thegesists polymer strand conformational changes which are
extended polymer strand conformations collapse into iatrinsic to hydro-/organogel swelling or shrinking. Therefore,
globule-like conformation to minimize the polymer surfac#cubating the BSA organogel in water does not result in
area in contact with the EG mobile phase. As depicted Bwelling due to a sigoant increase in the cross-link density of
Figure 9 stage 2a, this fast coil-to-globule transition creatébe BSA polymer network.
localized high polymer density globules throughout the crossFinally, it must be noted that attempting to fabricate the
linked network connected by stretched bridging BSA polym&SA organogels using a single step solvent exchange where the
strandg® BSA hydrogels are directly incubated in pure EG creates a

The coil-to-globule transition is followed by globulematerial that is in a kinetically trapped state far from the
knotting, where these localized globules coalesce into a vBt§rmodynamic equilibrium. The stepwise solvent exchange to
high density BSA polymer phas&ntanglement of the EG allows the BSA polymer network to homogeneously shrink
polymer strands within the dense BSA polymer phase aMdth increasing EG concentration prior to the phase separation
occurs in this second stage and increases ovér Tihie. event, that we believe occurs at higher EG concentrations. This
kinetic two-stage phase separation that occurs during the Bg&ates a material much closer to the thermodynamic
hydrogel to organogel transformation results in the amorphog@guilibrium state.
dense BSA polymer phase observed in the water incubated\n interfacial skin layer can form in hydrogels when exposed
BSA organogel Cryo-SEM imagiésufe 9stage 2b). to drastic changes in solvent quality that cause a phase

The phase separation mechanisms of thermoresponsfgparation induced VPTSkin layer formation has been
polymers have extensively been studied, for |ineaﬁ-p0|y(utilized for drug release applicati_ons, where the drug is not
isopropylacrylamid@}?® polystyren&’ and poly(methyl releas_ed from the hydrogel material until the VPT of the skin
methacrylaté} polymer chains in solution. The phase layer is reverséHowever, form.ation of a skin layer in our
separation of cross-linked pilgopropylacrylamide) hydro- Photonic crystal organogel sensing materials may confound the
gel networks has also been investigate in polymer micr@ensor response. The BSA organogels fabricated using the
particled? The rate of both stages of the phase separation Bepwise solvent exchange swell in response ttigB6d
signi cantly slowed in a cross-linked polymer network due t8inding:® In contrast, the single step solvent exchanged BSA
the topological constraints compared to the linear polyméirganogels shrink in response to the ligand binding
chains in solution. (unpublished data). The magnitude of these volume changes

The VPT induced by phase separation in synthetic organf@ries in the kinetically trapped BSA organogels depending on
polymers is typically reversible. Entanglement of the polymig€ time the BSA hydrogel was equilibrated in pure EG prior to
strands slows globule swelling in a good stiveysteresis ~ ligand addition. This results in an unreliable sensor response
in the globule-to-coil transition of pdligopropylacryla- for the single step solvent exchanged BSA organogels.
mide) polymers has been observed, where melting of the
globule is slowed by physical entanglements formed in the CONCLUSIONS
globule state Using UVRR and IR spectroscopy, Cryo-SEM, and physical

In contrast, our BSA polymer system exhibits a completelyeasurements of the gel volume and concentration of
irreversible VPT. Negligible polymer swelling was observéttatable amino acids, we characterized changes to the BSA
upon the exchange back to water for several weeks. Wecondary structure and BSA polymer morphology that
hypothesize that this irreversible VPT phenomenon of the puaecompanies the stepwise solvent exchange to EG. The mobile
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phase exchange from water to EG transforms responsive B3#&lling response. EG is a hydroscopic organic solvent and
hydrogels into responsive BSA organogels. We determined #ttesorbs water vapor proportional to the relative humidity of
following: the air. Water absorption by EG in the BSA organogel does not
(1) The BSA hydrogel is an interconnected network of thidmpact the sensor response pepagse the addition of water will
BSA polymer strands with diameters roughly that of ot reswell the orga_nogel. _Th|s is in contrast to our prewously
single BSA protein. BSA hydrogel pores have diamet @ryca;ed evaporation resistant sensing materials that'contaln
ranging from 50 to 200 nm. The molecular weightd" ionic liquid mqb|le phaSewhich undergo a VPT in
between polymer cross-links was approximated from tfgSPonse to humidity changes.
gollygnerzst:aiwg Ige/rrlT?ct)?s, which equal30 BSA or 3 ASSOCIATED CONTENT
(2) The solvent exchange from the water mobile phase &i Supporting Information _
the hydrogel to the EG mobile phase of the organogdihe Supporting Information is available free of charge at
causes a VPT that increases the BSA polymer volurhéps://pubs.acs.org/doi/10.1021/acs.biomac.9b01522

fraction from pygroge™ 6% 0 organoge™ 27%. The VPT Cryo-SEM sample holder image, BSA solution and BSA

is irreversible; yaerincubaterganoge™ 2 7% after exchang- hydrogel UVRR spectra, details on UVRR analysis,

ing the EG mobile phase back to water. details of NIR absorbance experiments, including the
(3) There is a 4% increase in the population dfielix 1400 2000 nm absorbance spectra of EG/water

secondary structure in the BSA organogel compared to  solutions and BSA organogels, calculations of BSA
that of the BSA hydrogel and native BSA monomers. organogel water content, and a discussion on the
These secondary structure changes are reversible; the retained hydration shell in BSA organo@é$)(
UVRR Amll} bands of water incubated BSA organogels
are identical to those of the BSA hydrogels. AUTHOR INFORMATION

(4) The water incubated organogel UVRR spectrum doeéOrreS ondina Author
not contain contributions from EG, indicating that the*E-ma?I'ashe?@ itt edu
EG mobile phase is qualitatively removed during ’ prt.
exchange back to water. O _

(5) The NIR absorbance of water in the BSA organogeldatasha Lynn Smithino-0001-9308-5178
demonstrate that there is a higher water content in thRyan S. Jakubeko0-0001-7880-9422
BSA organogels compared to the bulk EG mobile phasBanford A. Asheno0-0003-1061-8747
There are roughly 1200500 water molecules per BSA Author Contributions
protein in the organogel, meaning 1.4 hydrations Al authors have given approval to thal version of the
layers remain bound to the proteins. manuscript.

(6) Irreversible BSA polymer morphology changes OCCYf nding
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