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Tailored Hydrogel Membranes for Efficient Protein

Crystallization

Gianluca Di Profio,* Mariella Polino, Fiore P. Nicoletta, Benny D. Belviso,
Rocco Caliandro, Enrica Fontananova, Giovanni De Filpo, Efrem Curcio, and Enrico Drioli

Crystallization still represents the bottleneck in the process of protein struc-
ture determination at high resolution, despite high-throughput structural
genomics programs requiring optimized crystallization strategies regarding
crystal quality, time, success rate, reproducibility, and used protein amount.
On the other hand, the development of suitable materials for controlled
heterogeneous nucleation might facilitate biomacromolecular crystallization
in a variety of experimental conditions which are not conventionally fruitful.
Here, the possibility to fabricate hydrogel membranes displaying controlled
chemical composition and nanostructure and to use them as heterogeneous
supports for biomacromolecular crystallization is demonstrated. Diverse gel
morphologies are obtained by controlling phase separation kinetics during gel
layer formation on membrane support. These composite materials are found
to increase the efficiency of the crystallization process so that crystals with
enhanced diffraction properties are produced at lower protein concentration
than conventional technique, thus affording the possibility to improve current
approaches to protein crystallization and to be adapted to specific targets.

these information with 3D structure-
function correlations on the proteins this
sequences encode affords elucidation on
the basic biochemical mechanisms occur-
ring in living bodies, which are essential
to develop mired therapies.'l However,
determination of proteins 3D structures
by X-ray diffraction requires high quality
crystals for accurate structural details.?
Nevertheless, protein crystallization from
solution presents added complexities
stemming from relatively weak intermo-
lecular interactions, flexible molecular
conformations, contribution of solvent on
molecular aggregation, and intrinsic evo-
lutionary development towards the avoid-
ance of spontaneous aggregation in the
living cell environment.’! On the other
hand, the development of suitable mate-
rials for controlled heterogeneous nuclea-
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1. Introduction

Recent advances in functional genomics research have provided
new gene sequence data of biological systems. Combining
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tion might facilitate biomacromolecular

crystallization in a variety of experimental
conditions which are not conventionally fruitful.[*-* Therefore,
a multiplicity of substrates, able to force molecules to come
together by chemical”® or physical constrains,!*1? were inves-
tigated so far with the objective to obtain diffraction-quality
crystals.

In contrast to rigid porous materials, cross-linked soft
polymer microparticles or microgels are unique in their ability
to concentrate solute molecules via thermodynamic parti-
tioning driven by favorable polymer-solute interactions. The
use of viscous gels as growing media generally affords to obtain
protein crystals with greater sizes, fewer defects and enhanced
diffraction properties than crystals grown in solution, because
of the suppression of convection currents, sedimentation, and
reduced random collisions between molecules.!'3! Despite that,
the main problem related to the use of gels as growing media
for protein crystals is the requirement to be properly supported
to make them handily. Also, the conventional ways to delivery
proteins and precipitants inside the gel network, to create
supersaturation, and crystals recovery might include several
and uneasy procedures.[1

On these basis, the fundamental idea of this study is to
improve current approaches to protein crystallization by devel-
oping functional structured materials (composite or hydrogel
membranes) useful to combine the general advantages of crys-
tallization in gel (reproducibility, size increase, and mechan-
ical stability of crystals) with those of membrane-assisted

Adv. Funct. Mater. 2014, 24, 1582—-1590
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Figure 1. a) Fabrication of hydrogel membranes. b) Experimental membrane-assisted crystallization setup: a droplet of the macromolecular solution
sits above the composite membrane; the membrane provides the physical contact with the reservoir (stripping) solution (down) so that only volatile
solvent molecules migrate in vapor phase trough the dry pores of the substrate (gel and membrane), from the crystallizing towards the stripping
solution, under the action of the driving force; as the protein solution concentrates inside the droplet, supersaturation allows nucleation and crystal
growth. c) Magnification of the crystallization system at one idealized pore, showing the mechanism described above. d) Scheme of the polymerization
reaction producing hydrogel network; the degree of crosslinking among fragments increases as the molar fraction of PEGDMA rises. e-g) Different
hydrogel network mesh sizes obtained by changing the molar ratio between the monomer and the crosslinker: the mesh size reduces as the fraction
of crosslinker increases in the mixture. In (f), the size of the macromolecules HEWL and CONA is compared with the calculated average mesh size of
the hydrogel membrane C (€ = 7.1 nm). Mesh size in (e,g) are purely speculative.

crystallization™ (control of the process, extended optimization
conditions, reduced crystallization time, and application to spe-
cific targets).

2. Results and Discussions

Earlier researches on membrane-supported hydrogels were
mainly related to gelfilled pore membranes with the aim
of enhancing mechanical stability of the gel interpenetrated
within the pore structure and modulating transport of specific
components in liquid separations.'®) In other few cases, surface
layered hydrogel membranes were fabricated with the purpose
to reduce fouling and to enhance transmembrane fluxes in fil-
tration operations.l'®! Here, acrylamide (AA) and poly(ethylene
glycol)dimethacrylate (PEGDMA) were used to fabricate thin
hydrogel layers, with selected properties, and supported on
polypropylene (PP) membranes. Contrary to previous works,
in this study gel intrusion inside the pores of the support was

Adv. Funct. Mater. 2014, 24, 1582-1590
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undesired in order to avoid high-resistance to mass transport
in solvent evaporation membrane crystallization.'” Accord-
ingly, hydrogel membranes were fabricated in three main
steps (Figure 1a): 1) conditioning of PP supports to swell the
polymer and to enhance its chemical affinity with the aqueous
pre-polymerization solution; 2) casting of a homogeneous
layer of the pre-polymerization solution above the conditioned
membrane, preventing solution intrusion inside the pores; 3)
rapid polymerization of the solution under the UV lamp with
the formation of the gel layer (Figure 2a,b, upper part). By this
procedure, hydrogel membranes comprising a hydrophilic thin
gel layer (contact angle 6 < 90°, Table 1) on a macroporous
hydrophobic support (6 = 143°) were successfully obtained.
When using hydrophilic materials as support, for example, pol-
yethersulfone (6 = 28°), the casting solution penetrates inside
the pores despite the conditioning step, thus preventing the
hydrogel layer to spread uniformly above its surface. Therefore,
only hydrophobic PP support membranes were used in this
work.

wileyonlinelibrary.com
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Figure 2. SEM images of hydrogel network growing on PP membranes. (a, lower part) cross section of virgin PP membrane; a) top: cross section of
a dense gel layer from polymerization of a thin film (180 um) of pre-polymer solution; b) top: bicontinuous phase morphology from polymerization
of a thick film (450 pm) of pre-polymer solution. Top surface of samples showing: c) a bicontinuous phase morphology emerging from a defect in the
dense skin layer; d) an open net of interconnected smooth wrinkles; ) a bicontinuous phase morphology with a sub-structure of connected-globules;
and f) a zoom in the sub-structure of connected-globules. Unit bars: a) 1 um, b) 5 um, ¢) 5 um, d) 30 um, e) 10 um, f) T um.

Hydrogel membranes were used to contact the crystal-
lizing and the reservoir solutions, as illustrated in Figure 1b.
It is required that, under operations at atmospheric pressure,
the hydrophobic membrane prevents the pores to be flooded
by the two solutions so that no liquid phase mass transfer
through the membrane or mixing between the two solutions
occurs. Meanwhile, double liquid/vapor equilibrium estab-
lishes at mouth of each dry pore on both membrane sides. The
presence of the reservoir solution provides the driving force
for solvent evaporation, allowing the shift of the equilibrium
with the continuous migration of water, in vapor phase, from
the crystallizing towards the reservoir solution side, whereby
it recondenses. As such, achieving supersaturation in the

Table 1. Hydrogel membrane properties: monomer/crosslinker (AA/
PEGDMA) molar ratio, overall solution concentration (C;), average
molecular weight between crosslinks (M), calculated average mesh size
(&), swelling degree (S,,), and equilibrium water contact angle (6). Con-
tact angle is reported also for virgin PP support

Membrane ~ AA/PEGDMA  C, M. & S 0
wi%]  [gmol] [nm] %] [l
A 19.0:1 6.9 10 800 164 2573 54.1
B 12.3:1 7.9 5100 88 1508  68.8
C 9.0:1 8.9 4200 711321 782
D 7.0:1 9.9 3000 53 1079 809
E 5.7:1 10.8 1900 3.7 845 826
F 4.7:1 11.8 1600 3.1 7.67  83.4
PP 143.1

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

macromolecular solution allows nucleation and crystal growth,
without any transfer of non-volatile components between the
crystallizing and the reservoir solutions (Figure 1c)."") This
mechanism keeps working despite the presence of the hydro-
philic gel layer in hydrogel membranes provided that at least
one hydrophobic stratum (as that supplied by PP) separates the
crystallizing and the reservoir solutions.

The structure of hydrogels is typically described by the mesh
size, which is related to the average molecular weight between
crosslinks within the polymer network (Figure 1d).l'”) The com-
partmentalization of the macromolecular solution within the
3D porous gel network restricts the mobility of adsorbed mole-
cules, as such providing a confined environment for crystalliza-
tion to take place (Figure le-g).¥! Accordingly, several hydrogel
membranes (labeled as A-F in Table 1) were prepared by modi-
fying the molar ratio between monomer (AA) and crosslinker
(PEGDMA) to investigate the effect of the gel composition
and nanostructure on protein crystallization. Decreasing the
AA:PEGDMA molar ratio, the degree of crosslinking increases
while the degree of swelling decreases (Table 1). In the same
order, the density of polar terminal amidic groups (-CONH,)
drops, while the concentration of apolar moieties (-OCH,CHj,-)
rises. The change in the chemical gel layer composition is
reflected by the decreasing surface polarity going from the
sample A to F as water contact angle 6 moves from 54° to 83°.

SEM analysis reveals that hydrogel binds to macro-porous
virgin PP support (Figure 2a, lower part) giving rise to diverse
morphologies which depend on the initial thickness, the overall
composition of the casting solution, and the UV power. When
crosslinking thinner solutions (180 pum), irrespectively of their
composition, a dense layer forms on the top of PP support

Adv. Funct. Mater. 2014, 24, 1582-1590



NCED
FUNCTIONAL
MATERIALS

M \I.m'§

www.MaterialsViews.com

www.afm-journal.de

Table 2. Results from the crystallization tests on HEWL and CONA with hydrogel membranes, original membranes (PP), and conventional hanging
drop solvent evaporation (Reference). Numbers at the head of each protein column indicate the starting concentration of proteins (as mg mL™") in
the crystallizing droplet. Precipitants were NaCl 3.5 wt% for HEWL and (NH,4),SO, 1.5 m for CONA at the beginning of the test (C: crystals; AP: amor-
phous precipitate; N: clear solution; S: spherulites). Results refer to 48 h for HEWL and to 1 week for CONA after experiments setting up, respectively.

Membrane HEWL CONA

15 20 25 30 302 2.5 7.5 10 15
PP N N C AP N N N N C
A C C C C C N N C C
B C C C C C N N C C
C C C C C C C N C C
D C C C C C C C C C
E N C C C C C C C C
F N C C C C C C C C
Reference N N C AP N N N N C

AWithout precipitant; ®) Results for CONA at 2.5 mg mL™" refer to 1 month from experiments setting up.

(Figure 2a, upper part). The final gel layer is thinner than the
casting solution film because of water loss and gel shrinking
during both polymerization and SEM sample preparation. For
thicker casting solutions (450 pm), the gel layer evolves into
some singular hierarchical morphologies as the AA:PEGDMA
molar ratio decreases (Figure 2b): a bicontinuous phase mor-
phology below a dense skin (Figure 2c), a net of intercon-
nected smooth wrinkles (Figure 2d), and an open (without
skin) bicontinuous morphology (Figure 2e) with a sub-struc-
ture of connected-globules (Figure 2f) is found as progressive
evolution of the dense layer. The origin of these structures is
due to a spinodal decomposition occurring during the photo-
crosslinking reaction associated to solvent evaporation.*l At the
air-solution interface a concentrated precursors layer is formed
because of solvent evaporation (also exacerbated by the thermal
gradient generated by the UV irradiation). During UV irradia-
tion this layer evolves in a crosslinked skin gel layer in the case
of thinner films and thicker layers with a high AA:PEGDMA
molar ratio. The solution capped by the skin layer undergoes
a spinodal decomposition, which displays the typical bicontin-
uous phase morphologies.?l In the case of low AA:PEGDMA
molar ratios, the skin layer is very thin or
does not form at all, and open sub-structured
bicontinuous phase morphologies appear.

Equilibrium swelling measurements were
performed to estimate the average mole-
cular weight between crosslinks, M., and
the average mesh size, & Table 1 shows that
both M; and & decrease with decreasing the
AA:PEGDMA molar ratio.

To study the effect of the gel sub-micro-
structure in crystallization, thin-layer A-F
hydrogel membranes were used in the
experiments on the model proteins lysozyme
(HEWL) and concanavalin A (CONA), and
compared with conventional vapor diffusion
system (reference). Table 2 reports the mac-
romolecular solution compositions tested
and the corresponding crystallization results.
Experiments with HEWL at 20-30 mg mL™

Adv. Funct. Mater. 2014, 24, 1582-1590
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resulted in the formation of faceted crystals in 48 h for all
hydrogel membranes; an amorphous precipitate was obtained
in the reference (conventional hanging drop vapor diffusion)
and bare PP membranes at 30 mg mL™!, while no crystal
appeared with virgin PP and reference at 20 mg mL!. At low
protein concentration (15 mg mL™!), crystals formed only with
A-D hydrogel membranes. Large HEWL crystals were also
obtained at 30 mg mL™! without precipitant for all hydrogel
membranes (Figure 3), which preserved their properties for
weeks. No crystals were obtained with conventional vapor dif-
fusion without using precipitant (image not shown). Similar
results were observed in all the 5 replicas in the wells of the
crystallization plates incubated at the same conditions. Tests
with CONA confirmed that the use of hydrogel membranes
allows obtaining crystals at lower protein concentrations (10 and
7.5 mg mL~!) with respect to reference. Here, a strong time- and
size-dependence was observed: crystals of =200 um grew in 48
h on hydrogel membranes, while crystals of =100 um grew in
120 h in reference. Table 2 gives a snapshot after one week from
the crystallization setting up, when diffraction data were taken.
After one month from setting up it was noticed that: i) crystals

Figure 3. Optical microscopy images of HEWL crystals obtained at the protein concentration of
30 mg mL™" without using precipitant: a) mesh A, b) mesh B, c) mesh C, d) mesh D, ) mesh
E, f) mesh F. Unit bars: a,c) 500 um; b—f) 200 pm.

wileyonlinelibrary.com
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Figure 4. Optical microscopy images of some selected CONA crystals obtained at different
initial protein concentrations (top) and crystallization supports (left), taken one month after
the crystallization setting-up. Light transmission and reflection observation modes were used

for reference and hydrogel membrane conditions, respectively.

grew also at protein concentrations lower than 7.5 mg mL™! for
hydrogel membranes; ii) sample C produced crystals of largest
size for a wide protein concentration range (2.5 to 15 mg mL™});
iii) reference produced large-sized crystals only at 10 mg mL™},
amorphous precipitate at lower concentrations and a bed of
small crystals at higher concentration. Selected crystal sam-
ples obtained with membrane B-D and in reference are shown
in Figure 4. These results indicate that hydrogel membranes
widen crystallization intervals by self-adjusting nucleation and
growth conditions in the course of the same experiment; crystal
size and grow-time are also optimized.

Analysis of diffraction quality revealed that the number of
spots with good signal-to-noise ratio and the crystal mosaicity,
indicating the crystal long-range disorder, increase in hydrogel
membranes with respect to reference crystals (Figure 5a,b),
while no definite trend was found for unit cell constants (vari-
ations below 1%). For CONA, the number of spots is higher
for samples C and D, where the largest crystals were obtained
(cf. Figure 4). Results from the full crystal structure determina-
tion, carried out on representative crystals for the two proteins,
confirmed these findings (Table 3) and allowed comparing the
obtained structural models (Figure 5c). It was found that the
calculated moduli (R, Rge) and phases (MPE) are better for
hydrogel membrane crystals than for reference ones, consist-
ently in all resolution shells. Overall crystallographic results
can be interpreted by considering that protein crystal lattice is
able to incorporate large amounts of gels.?!! This leads to an
increase both in crystal size, with a consequent increase of the
spot intensities, and in crystal mosaicity, related to larger spot
sizes. Our findings prove that by using hydrogel membranes
the latter effect is minority with respect to the former, which
lead to improved spot statistics, hence to more accurate struc-
tural models. The low variations of lattice constants point out

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that no inclusion of contaminants coming
15 from gel or membrane has taken place,
% since this usually lead to lattice distortions
for impurities having molecular dimensions
comparable to that of the hosting mole-
cule.?? In addition, the structural resolution
performed on two crystals grown on hydrogel
did not revealed electron densities attribut-
able to foreign molecules.

Crystallization results demonstrated the
auto-regulation of the gel in adjusting the
optimal amount of solute molecules, concen-
trating them in the porous network!3 tll to
the production of diffraction-quality crystals.
Equilibrium adsorption isotherms reported
in Figure 6 for both HEWL and CONA, dis-
play a bimodal profile, suggesting that two
different adsorption modes, operating at low
and higher protein concentration, occur.l?
Langmuir-Freundlich model, which takes
both heterogeneous adsorption sites and
interactions among the adsorbed molecules
into account, provides the best fitting to data
points. Fitting procedure gave heterogeneity
index n (describing the cooperation degree
in the adsorption) in the range 0.35-0.98 for
low concentrations, indicating non-cooperative random adsorp-
tion, and in the range 8.64-2.45 for high solute concentrations,
meaning attractive interactions. The transition from non-coop-
erative to cooperative adsorption occurs around to a threshold
concentration (=27 mg mL™! for HEWL and =4.5 mg mL™! for
CONA), which is independent on the mesh size, and discrimi-
nates whether crystals form. Note that protein and precipitant
solution concentrations reported in Table 2 are initial values at
the moment that the macromolecular and the reservoir solu-
tions droplets are mixed together. As the crystallization test
proceeds under the action of driving force, the overall crystal-
lizing solution concentrates because of solvent (water) evapora-
tion, so that the final concentration just before the crystalliza-
tion takes place is almost doubled (somewhat less) with respect
to its starting value. Accordingly, with hydrogel membranes,
crystals were obtained at the threshold protein concentration of
~30 mg mL~! for HEWL (after 48 h) and =5 mg mL™! for CONA
(after one month), respectively.

This implies that proteins adsorption is not affected by the
different nanostructure of the gel (mesh size), but instead it
depends on the chemical affinity between the gel network and
proteins, modulated by the chemical composition of the gel
layer. Hydrophobic regions in the gel network increase as the
cross-linker density rises (6 and 1/ M, in Table 1). HEWL, with
isoelectric point (pI) 10.6, is positively charged at pH 4.6, while
CONA, having plI 4.5-5.5, has null net charge at pH 4.9. Accord-
ingly, HEWL displays increasing affinity for network with higher
density of polar groups (higher amount of AA amidic groups),
while CONA better interacts when the apolar moieties in the gel
net increase (higher crosslinker density). This result confirms
the higher tendency for HEWL to nucleate with polar substrates
while CONA shows a preferred affinity for apolar substrates,?’!
and highlight the fundamental role of the chemical nature

Adv. Funct. Mater. 2014, 24, 1582-1590
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Figure 5. a) Number of spots per image with //o > 20 and b) mosaicity for the crystals analyzed by short scans of HEWL (left) and CONA (right).
Mean values and their standard deviations are connected by a line. c) Parameter assessing the quality of the structural models, obtained from selected
crystal analyzed by long scans: biased agreement factor of calculated versus observed moduli R (circles), unbiased agreement factor Rg.. (triangles),
and mean phase error (squares). Error bars indicate the standard deviations of the parameter values calculated in each resolution shell. Vertical shaded

areas separate the crystallization conditions.

of templates in influencing the crystallization kinetics.l2>2l

Accordingly, selecting hydrogel membranes with a specific
chemical composition allows direct influence on crystallization.
In the specific case of hydrogel membranes investigated in this
study, the chemical character of the network prevails over the
gel nanostructure in addressing the crystallization pathway, so
that confinement effects were not observed at this stage.

Adv. Funct. Mater. 2014, 24, 15821590 © 2013 WILEY-VCH Verlag

3. Conclusions

In summary, we demonstrated the possibility to fabricate
composite polymeric membranes supporting a homogeneous
thin hydrogel layer, displaying tailored chemical composition,
nano-architecture (mesh size) and selected morphologies. The
proposed approach provides suitable tools for efficient protein

GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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Table 3. Crystallographic data for hydrogel membranes with mesh-D gel
and reference crystals

CONA HEWL
Reference PP/D Reference PP/D
Space group 1222 1222 P 43212 P 43212
Unit cell parameters [A]
a 61.72 61.90 78.73 77.97
b 86.97 86.33 78.73 77.97
[« 89.31 88.77 37.11 37.42

Resolution range [A] 62.31-1.94 61.89-1.94 55.671-1.94 55.671-1.94

(outer shell) (2.04-1.94)  (2.05-1.94) (2.05-1.94)  (2.05-1.94)
Unique reflections 16462 16382 8349 8210
Redundancy 6.5 6.0 1.7 1.1
<Ifsig(I)> 4.8 10.1 335 19.0
Completeness [%)] 90.8 91.1 91.6 91.2
Rmerge [%] 0.26 0.11 0.05 0.09
Mosaicity [*] 0.05 1.49 0.61 118
Total rotation angle [] 180 180 90 90

B [A% 18.4 15.9 10.1 17.2

crystallization, affording a crystallization platform in which
protein and additives are easily delivered to the gel network,
where supersaturation is generated by gradual solvent removal
in vapor phase through the porous structure of both support
membrane and hydrogel layer, and crystals are easily recovered.
The method was found to increase the efficiency of the crys-
tallization process so that crystals appeared at lower protein
concentration and demonstrated enhanced diffraction features.
As perspective, the method can be optimized to create an envi-
ronment compatible with membrane proteins crystallization,
as platform for biomineralization and polymorphs selection
studies, and can provide routes to access non-classical mes-
ocrystal structures.

4. Experimental Section

Materials: The monomer acrylamide (cod. 01700, from Fluka), the
crosslinker poly(ethylene glycol)dimethacrylate (average molecular
weight 750 Da, cod. 437468, from Sigma-Aldrich), the catalyst
N,N,N’,N’-tetramethylethylenediamine (TEMED, cod. 411019, from
Sigma-Aldrich), and the photoinitiator Darocur 1173 (2-hydroxy-
2methyl-1-phenyl-propan-1-one, with a maximum absorption at around
250 nm, cod. 1830961, from Ciba) were used as received. The pre-
polymer solutions were prepared by dissolving AA and PEGDMA, in the
molar ratio 19.0:1 (A), 12.3:1 (B), 9.0:1 (C), 7.0:1 (D), 5.7:1 (E), and 4.7:1
(F), in a water solution containing the photoinitiator (0.6 vol%) and
TEMED (1.5 x 1073 vol%).

Chicken hen egg white lysozyme (cod. 62970, from Sigma-Aldrich)
was dissolved in sodium acetate buffer (0.1 m, pH 4.6) at the initial
concentration 10, 20, 30, 40, 50, 60 mg mL™". Sodium Chloride (NaCl,
7.0 wt%, cod. 131659.1211, from Panreac), dissolved in the same
buffer, was used as precipitant agent for HEWL. Concanavalin A from
Canavalia Ensiformis (cod. C7275, from Sigma-Aldrich) was dissolved in
sodium citrate buffer (0.1 m, pH 4.9) at the concentration of 5, 10, 15,
20, 30 mg mL™". The precipitant solution for CONA was composed by
(NH,),SOy (1.5 m, cod. 204501, from Sigma-Aldrich) in the same buffer.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Adsorption isotherms for a) HEWL and b) CONA on hydrogel
membranes with different mesh size (A-F). Dotted curves are the best
fittings of experimental data by Langmuir-Freundlich equation. I"is the
amount of solute adsorbed per weight of adsorbent (hydrogel); Cq is the
equilibrium concentration of solute.

All protein solutions were prepared by using HPLC grade water (cod.
23595.328, from VWR) and filtered by 0.45 um nominal pore size PTFE
filter (cod. SLLHRO4NL, Millex-LH) before use.

Hydrogel Membranes Preparation: Hydrogel membranes were prepared
by the following steps: 1) Commercial polypropylene (Accurel PP2EHF)
and polyethersulfone membranes (PES, MicroPes 2F from Membrana
GmbH) were pre-treated by soaking with methanol (CH;OH, HPLC
grade, cod. 20844.320, from VWR) for 24 h at room temperature; 2) the
pre-polymer solution was cast onto the membrane by a micrometric film
applicator with adjustable thickness (Elcometer 3570) or by rolling on
the loaded support with a bar coater at 180 and 450 um; 3) crosslinking
polymerization of solution was achieved by a high pressure mercury
lamp (Philips HPK 125, 500 mW c¢cm™? @ 253 nm, irradiation time
5 min) which provided the formation of the gel layer above the support
membrane surface (Figure 1a). Before use in crystallization tests,
hydrogel membranes were extensively washed with bi-distilled water, to
remove methanol and residual traces of unreacted AA and PEGDMA,
dried, and stored at 30 °C until no significant variation in weight was
detected over three successive checks.

Hydrogel Membranes Characterizations: Equilibrium water contact
angles (6) were measured using CAM 200 contact angle meter (KSV

Adv. Funct. Mater. 2014, 24, 1582-1590
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Instruments Ltd.) equipped with microsyringe, automatic dispenser,
and software for image acquisition and processing. Contact angles were
calculated as the average of three different measurements for each one
of three slices of the same membrane surface.

Morphological analysis was performed by a Quanta 200F FEI Philips
scanning electron microscope (SEM). Membranes were placed on
appropriate stubs and then sputtered with chromium or gold under
an argon atmosphere (in an Emitech K575X Peltier) to achieve the
necessary conductivity. To analyze membrane section, membranes were
cryo-fractured with liquid nitrogen. The accelerating voltage was 12.5 kV
under high vacuum conditions.

In order to investigate the changes in the hydrogel microstructure,
equilibrium swelling measurements were performed to estimate the
average molecular weight between crosslinks, M., and the average
mesh size, & of hydrogel layers. The mesh size was calculated by the
Flory-Rehner theory for hydrogels prepared in the presence of water
modified by Peppas & Merril,2”2% and using literature values of model
parameters.?®3% In particular, M, was calculated by the following
equation:

ﬁ/V1 [In (] - U2<5)+ Uy s + X1v%,s]
V2.s n3 V2,5
we ()" - ()]
where V is the specific volume of poly-AA (0.768 cm® g™), V; the solvent
molar volume (water, 18 cm?® mol™'), x; the polymer-solvent interaction
parameter (0.494 for poly-AA and water), v, and v,, the polymer
volume fraction in the swollen and relaxed states, respectively. M, is
the molecular weight of the polymer chains prepared in the absence
of crosslinking agent, and was estimated from the measurement of

polymer intrinsic viscosity, [n], at 25 °C by an Ubbelohde capillary
viscosimeter and using the following relation of Klein and Conrad:Pl

M

12
M M,

I = 4.9 x 107 1,>% @)
Finally, the mesh size was calculated by:[?’]
2c,me\"”
—1/3 nMc
= I @)
&= v ( Mr )

where C,, is the Flory characteristic ratio (6.32), [ the length of the bond
along the polymer backbone (1.54 A), M, the molecular weight of the
repeating units from which the polymer chain is formed.

Protein Adsorption Isotherms on Hydrogel Membranes: Adsorption
isotherms were obtained by batch method. Weighted 1 cm wide disks
of each hydrogel membrane (mesh size A-F) were immersed in 500 pL
protein solutions at given initial concentrations, ranging from 0.5 to
50 mg mL™ for HEWL and from 0.5 to 20 mg mL™" for CONA, in the
same buffer used for crystallization tests, and left to equilibrate for 24 h
at 20 + 0.1 °C in a thermostatic box. After that, the absorbance of the
supernatant at 280 nm was determined by an UV spectrophotometer
(Shimadzu UV-1601), while hydrogel membranes were weighted again.
The amount of protein adsorbed per unit mass of adsorbent was
determined by mass balance.

Protein Crystallization: For each protein, 5 UL drop solutions were
pipetted on the surface of the hydrogel membrane and added with
the equal volume of precipitant solution. For each tested condition, 5
replica experiments were carried out by introducing samples in the
array of wells of screw top hanging drop plates (EasyXtal 15-well Tool,
Qiagen) where 500 pL of precipitant solutions were used as reservoir
(or stripping) agents. Plates were then incubated at 20 + 0.1 °C before
optical microscopy inspection of the droplets after 48 h for HEWL
and 1 week for CONA, and then stored at 20 + 0.1 °C for successive
observations. Experiments were also performed as described above
using virgin PP membranes and by conventional hanging drop vapor
diffusion method (reference).

Crystals’ Characterization: Protein crystals were observed under an
optical microscope (DM 2500M, Leica Microsystems) equipped with a
videocamera.
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Crystals from hydrogel membranes and reference experiments
were handled in the same way. They were transported together in the
plates from the crystallization to the diffractometer sites. Here they
were mounted using cryo-loops, without using any cryo-protectant, so
that gel surrounded the crystals during the measurements. Diffraction
data were collected at diffractometer RIGAKU, equipped by a CuKo
rotating anode and a SATURN 944 CCD detector. The oscillation frame
was set to 0.5°, the exposure time to 5 s, and the detector distance
was set at the minimum allowed to take high-resolution data. Data
were taken in cryogenic conditions, following two strategies: short (36
images) and long (360 images) scan of the asymmetric unit. The first
was applied on a number of crystals (9 for HEWL, 16 for CONA) for
monitoring their diffraction properties, the second on selected crystals
(one from hydrogel membrane and one from reference for each protein)
for assessing the results of the phasing process. Diffraction data were
indexed by MOSFLM;? long scan data were reduced by POINTLESS
and SCALA 3l and phased by the molecular replacement (MR) program
REMOPB4 of the package IL MILIONE,® with structural models 1LYS
and 3CNA for HEWL and CONA, respectively. MR solutions were refined
without manual intervention by using ARP-WARPE®l and REFMACE’]
packages, and final models were validated by using the program
MOLPROBITY.#
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