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Abstract

Elastin-like polymers (ELPs) and their chimeric subfamily the silk elastin-like polymers (SELPs)
exhibit a lower critical solvation temperature (LCST) behavior in water which has been
extensively studied from theoretical, computational and experimental perspectives. The inclusion
of silk domains in the backbone of the ELPs effects the molecular dynamics of the elastin-like
domains in response to increased temperature above its transition temperature and confers
gelation ability. This response has been studied in terms of initial and long-term changes in
structures, however, intermediate transition states have been less investigated. Moreover, little is
known about the effects of reversible hydration on the elastin versus silk domains in the physical
crosslinks. We used spectroscopic techniques to analyze initial, intermediate and long-term states
of the crosslinks in SELPs. A combination of thermoanalytical and rheological measurements
demonstrated that the fast reversible rehydration of the elastin motifs adjacent to the relatively
small silk domains was capable of breaking the silk physical crosslinks. This feature can be

exploited to tailor the dynamics of these types of crosslinks in SELPs.
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Introduction

Elastin-like polymers (ELPs) are a family of stimuli-responsive proteinaceous materials based on
the (VPGXG) pentapeptide found in the intrinsically disordered regions of tropoelastin [1, 2],
where X stands for any amino acid but proline [3]. Their unique combination of properties, such
as mechanical resilience, biocompatibility, degradability and versatility [4], thermoresponse is
often exploited. ELPs exhibit a sharp lower critical solution temperature (LCST) behavior over a
small window of temperatures [5], above which they spontaneously water-phase separate and
self-assemble via hydrophobic interactions [6], with a fully reversible phase transition. Such
thermal-reversible behavior has been extensively studied theoretically and experimentally [7-10].
Theoretical models have evolved from random-to-order phase transitions of the ELP backbone
[9, 11], to the inclusion of ELPs as intrinsically disordered proteins (IDPs) [12, 13], even in the
separated state in the water phase [14, 15]. The experimental and computational literature has
mostly focused on measuring the effect of the X amino acid [16-18], of salts [19, 20], co-solutes
[21], concentration of protein [22], molecular weight [23], co-block composition [24, 25] or

tagged peptides [26] on the LCST behavior.

Silk elastin-like polymers (SELPs) are a subfamily of ELPs that retain the thermoresponsive
features of the elastin-like domains but include in their structure the (GAGAGS), motif found in
B. mori silk fibroin. These silk domains provide the SELPs with the ability to establish robust
bonds between chains, as physical crosslinks [27-29]. Silk physical crosslinking has been
extensively studied using NMR [30], Raman spectroscopy [31], FTIR [32], X-Ray diffraction
[33], among other methods. Briefly, uncrosslinked silk is a mixture of random coil and partially
ordered structures, named silk 1 [34]. The ordered structures consist of small crystalline regions
formed by repeated type II B-turn structures with intra- and inter-molecular hydrogen bonding.
The detailed process of conversion from silk I to fully crosslinked and crystalline silk 11 includes

dehydration and the assembly of ordered structures over different length scales [35, 36]. The



interlocking of different molecular chains into these multiscale crystals leads to robust physical

crosslinking of silk as observed in fibers spun in nature by silkworms and spiders[34].

The inclusion of silk domains in the ELP backbone effects the molecular dynamics that the
elastin-like domains during transitions in response to an increase in solution temperature above
the LCST, as seen by circular dichroism (CD) [37], turbidimetry and dynamic light scattering
(DLS) [38] and molecular simulations [39, 40], which result in different physical and mechanical
properties of the macroscale protein materials [39]. The effect of silk domains on the
thermoresponsive properties of the chimeric material and the effect of the reversible elastin-like
LCST behavior on silk crosslinking is an understudied concept, yet critical to the design and
dynamic functions of these protein systems. The effect of the uncrosslinked silk domains over the
transition temperature (T:) of adjacent elastin-like domains when compared to the same elastin-
like sequence with a lower content or without silk has been reported, and results in an increase in
the T, related to the hydrophilicity of the serines present in the silk domains [28, 40, 41]. The
effect of the silk-crosslinking on the thermoresponsive behavior of the materials was also
reported, but the study was limited to long (15 hours and beyond) incubation times [28], whereas

intermediate states were not characterized.

Little is known about the effect of the reversible phase transitions of the elastin-like blocks in
relation to the hydrogen bonding of silk motifs in SELPs. Forces involved in the rehydration of
the elastin motifs are known to be significant [42, 43], whereas stable silk crosslinks in SELPs
are known to develop and strengthen in aqueous solvents a time dependent manner [44-46]. We
envision exploiting the fast reversible phase transition of the elastin-like motifs as a mechanism
to develop temperature responsive reversible SELP hydrogels. This alternating interacting and
non-interacting states can be used to switch cell-material interactions on and off [47, 48],
providing temporal control of adherent cell behavior as in vitro models of ECM diseases [49] or
other cell culture topics. Other applications include the controlled delivery of drugs and/or cells,
where the thermal transition of the hydrogels can serve as a mechanism to deliver a payload on

demand [50], overcoming the otherwise slow diffusion of substances.



In this work we present a time-dependent study of temperature-triggered silk-mediated physical
crosslinking of a SELP, characterizing the initial, intermediate and final stages of crosslinking.
We also studied how the silk physical crosslinking affects the thermoresponsive properties of the
elastin domains. Finally, we demonstrate that the rapid and reversible rehydration of the elastin

domains can be exploited to break the silk crosslinks.

MATERIALS AND METHODS

SELP production and characterization

Two different recombinant proteins were constructed using standard procedures. The (VPGSG)2s
sequence encoding gene was synthetized by NZYTECH (Lisbon, Portugal), cloned and dimerized
in a modified pDrive vector, and subsequently ligated to the gene encoding either (VPGIG)go OF
[(VPGIG)so(GAGAGS)10] [28]. Both structures were then dimerized, generating the Sl and the
SILK-SI encoding genes, and cloned into a modified version of the Pet25B expression vector
(Novagen, Germany). The recombinant proteins were expressed in E. coli BLR(D3) (Stratagene,
USA), grown in TerrificBroth (Foremedium, Norfolk, UK) and purified by taking advantage of
their thermoresponsive properties [51]. The proteins were dialyzed against ultra-pure water and
freeze-dried. Purity and composition were assessed by 10% SDS-PAGE, matrix assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) (Bruker Autoflex,
Billerica, Massachusetts, USA), amino acid analysis, deuterated DMSO solution proton nuclear
magnetic resonance (H-NMR) (Bruker RMN 400Hz, Billerica, Massachusetts, USA) and amino
acid analysis (6M HCI 1% phenol digestion, followed by High Performance Liquid
Chromatography) [44, 52, 53]. The detailed characterization is reported in the Supporting

Information.

Rheology

Mechanical properties were measured using freshly prepared 100 mg/mL solutions in PBS and

an oscillatory rheometer (TA Instruments AR2000ex, New Castle, Delaware, USA) equipped
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with a Peltier for temperature control using a 25 mm flat geometry, 0.5% of strain and a frequency
of 6.28 rad/s, within the linear viscoelastic conditions of the material (see Supporting
Information). Samples were heated from 1 to 37°C at 2.5°C/min and subsequently maintained at
37°C for another 45 minutes. In order to avoid dehydration artifacts due to the experimental
temperatures and long-term experiments, the samples were analyzed inside a specially-design
chamber that avoids solvent evaporation. Mechanical properties of the formic acid treated SILK-
Sl samples dissolved in PBS at 100 mg/mL and subjected to the same thermal treatment are shown

in the Supporting Information.

Spectroscopy of crosslinking

Spectroscopic analysis of the proteins (FTIR, FT-Raman and X-Ray diffraction) was performed
using a 100 mg/mL solution in PBS. For each time point (180 min for the Sl control; 5, 30 and
180 minutes, and 12 hours for the SILK-SI), samples (200 pL each) were poured into hermetically
sealed, flat—bottom vials and incubated at 37°C. Subsequently, the samples were immersed in
liquid nitrogen and lyophilized. To achieve the least crosslinked sample, SILK-SI was dissolved
in formic acid (FA) for 24 hours, dialyzed against ultrapure water at 4°C and lyophilized. FA
treated samples were prepared in the same way, but only heated at 37°C for 30 seconds, enough
for the isoleucine domains to phase transition [45]. In this way, the changes in the FA treated

samples and the rest of the SILK-SI samples could be attributed to the silk crosslinking.
FTIR

Samples were analyzed by attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) (Bruker Tensor27, Billerica, Massachusetts, USA, 512 scans, 1 cm resolution).
Amide | peak analysis and deconvolution were performed with PeakFit v4.12 (Systat Software

Inc.) by fitting the experimental data with Gaussian curves [32, 35, 54].

FT-Raman

Fourier transform Raman spectra were acquired with a MultiRAM Stand Alone FT-Raman

Spectrometer (Bruker, Billerica, Massachusetts, USA), equipped with a Nd:YAG laser centered



at 1064 nm. For analysis, 400 scans were performed with a resolution of 2 cm™. Prior to the
analysis, spectra were normalized to methylene bending at 1450 cm™, which is insensitive to
changes in secondary structure [55]. Bands for silk I and silk Il were assigned according to the

literature [55-58].
X-Ray diffraction

The X-Ray diffraction patterns, with 26 ranging from 6 to 40°, were collected in a XPert XRD
(Philips, Eindohoven, The Netherlands) equipped with a high intensity ceramic sealed tube as the
X-Ray source (3kW) and Cu K-a (with an energy of 8.04 keV and a wavelength of 1.54 A).
Samples were placed inside a polyethylene terephthalate foil, needed for holding sample in

place. Experiments were performed in transmission mode.

For the FTIR, Raman and X-Ray spectroscopic techniques, samples were immersed in liquid
nitrogen and cryo-fractured prior to lyophilization. For FTIR and Raman special care was taken
to analyze the core rather than surface of the samples to avoid artifacts related to sample

manipulation or surface-induced changes.
Thermal analysis of SELPs

Differential scanning calorimetry (DSC) experiments were carried out in a Mettler Toledo
DSC822¢ (Columbus, Ohio, USA) using hermetically sealed aluminum pans. For each sample, a
volume of 20 pL (100 mg/mL solution in PBS, pH 7) was used, with an equal volume of PBS as
the reference. Samples were subjected to 20 temperature cycles (5 minutes isotherm at 1°C,
heating ramp up to 30°C, 5 minutes isotherm at 30°C and a cooling ramp down to 1°C; temperature
ramps were performed at 2.5°C/min). The SILK-SI sample and its reference were then incubated
for 12 hours at 37°C and subjected to other 6 thermal cycles. The SI sample (100 mg/mL in PBS)
was subjected to 6 complete thermal cycles. Formic acid treated SILK-SI samples were subjected
to 10 complete thermal cycles, incubated for 12 hours at 37°C and subsequently subjected to

another 4 thermal cycles (Data shown in Supporting Information).



Statistical Analysis

Otherwise stated, all measurements were performed in triplicate. Presented values are the average

and errors represent the standard deviation of those measurements.

RESULTS

SELP production and characterization

The amino acid sequences and molecular weight of both polymers, with and without silk (SILK-
Sl and SlI, respectively) are summarized in Table 1. The proteins were purified by taking
advantage of their thermoresponsive nature, as seen by SDS-PAGE (Supplemental Figure 1),
MALDI-TOF (Supplemental Figure 2) and H-NMR (Supplemental Figure 3). Both yielded at
least 350 mg of pure protein per liter of cultured bacteria. The amino acid composition was
assessed by amino acid analysis (Supplemental Table 1), and DSC was used to assess
thermoresponsive features and the corresponding Tt 15.7 and 16.8°C for the Sl and the SILK-SI

polymer, respectively (Supplemental Figure 4).

Table 1. Name, amino acid sequence ant theoretical molecular weight of the two polymers, the

elastin with silk (SILK-SI) and without (SI).

Theoretical
NAME Amino acid sequence
MW (kDa)

SILK-SI  MESLLP-[(VPGSG)so-(VGIPG)er-(GAGAGS) o],V 99.36

SI MESLLP-[(VPGSG)so-(VGIPG)so]o-V 91.35

Rheology

Rheological measurements for both proteins revealed different behavior (Figure 1). The SILK-SI
remained as a solution (G”’>G’~1-3 Pa) up to 16.8°C, in agreement with the Ty measured by DSC.
Above this temperature, the elastic and loss moduli sharply increased. At 20.5°C, the solution

gelled (G’=G’’=541.7 Pa, tg(3)=1). Upon gelation the elastic modulus continued to increase up
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to 883.5 Pa to then decrease down to values around 600 Pa and plateau, whereas loss modulus
decreased down to 200 Pa and plateaued. After 40 minutes (26 minutes of incubation at 37°C)
both G’ and G”* grew in parallel and reached a plateau of 5.1 and 1.2 kPa, respectively. The SI
polymer exhibited slightly lower mechanical properties than the SILK-SI (G*’>G’=0.1-05 Pa) up
to 15.9°C, very close to the T: measured by DSC. Above this temperature they decreased to

G’~G’=0.04 Pa.
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Figure 1. Elastic (G”) and loss (G”’) moduli for the SILK-SI and the Sl proteins. The two proteins
exhibited differences, with the SILK-SI forming a stable hydrogel in response to a temperature
increase above its Ty (16.8°C) and further stiffening with increased incubation time. In contrast,
the SI polymer exhibited weak mechanical properties which, decreased as the temperature

increased.

Fourier Transform Raman spectroscopy

In the Fourier transform Raman spectra the FA treated SILK-SI and SI polymer exhibit similar,
wide and less defined, spectra, showing typical Raman peaks for elastin-like polymers (Figure 2)
[59]. For the SILK-SI samples, even after 5 minutes the spectra show more defined peaks, with
clear signals related to silk I (856, 1102 and 1245 cm™) and silk 11 (876, 973, 1085 and 1228 cm-
1) crystals. Such signals become sharper with longer incubation times at 37°C. The amide | band
shifted from a maximum of 1672 to 1665 cm™ with time.
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Figure 2. Fourier transform Raman spectra (range 800-1800 cm?) for: (A) FA treated SILK-SI,
(B) 180 minutes incubated SI, (C) 5, (D) 30 and (E) 180 minutes incubated SILK-SI; and (F) for
the 12 hour incubated SILK-SI. Longer incubation times revealed sharper silk I (red dashed lines)

and silk 11 (black dashed lines) signals.

FTIR amide | peak analysis

The FTIR amide | peak and its deconvolution for each sample is in Figure 3. Amide | peak
maxima consistently shifted towards lower wavelengths, from 1629.8 cm™ for the FA SILK-SI
sample to 1619.9 cm™* for the 12 hours 37°C incubated SILK-SI sample. The other samples peaked
between these two values: 1628.4 cm™ for the Sl sample; 1625.7, 1621.6 and 1620.6 cm™ for the
SILK-SI samples incubated 5, 30 and 180 minutes, respectively (Figure 3 A to F). The amide |
peak was deconvoluted and the contribution of side chain, B-sheet, random coil, a-helix and -
turns are shown in Figure 3G. The data show a consistent change in the signals except for the FA
treated and the SI samples, whose analyses revealed similar contributions. For the rest of the
SILK-SI samples, side chain and B-sheet signals increased from 3.6 to 7.1% and 39.3 to 48%,
respectively; while beta turn and “random coil + alpha helix” signals decreased from 41.2 to

31.2% and 15.7 to 13.5%, respectively.



@
o

TH Bl Formic A.
I S! 180 min
B s!-silk 5 min
I si-silk 30 min
[ si-silk 180 min

@
o
f

[ SILK-SI 12 h

s
o
f

"
o
I

% Content
=4
I

=
1

1580 1620 1660 1700 1740 1580 1620 1660 1700 1740 1580 1620 1660 1700 1740

o
L

em! em' cm'

G sampl Formic sl SILK-SI SILK-SI SILK-SI SILK-SI SIDE CHAIN B-SHEET RANDOM COIL B-TURN
ample Acid 180 min 5 min 30 min 180 min 12 hours i SHELIX 3

Amide | peak

. 1629.8 1628.4 1625.7 1621.6 1620.6 1619.9
maxima (cm?)

Figure 3. Deconvolution of the FTIR amide | peak of the: (A) FA treated SILK-SI, (B) 180
minutes incubation Sl, (C) 5, (D) 30 and (E) 180 minutes incubation SILK-SI and (F) the 12 hour
incubation SILK-SI sample. Maxima are indicated with a red mark. Residuals are shown above
the deconvolutions. (G) Displacement amide | peak maxima towards lower wavelength as a
function of sample treatment. (H) The contribution, expressed as percentage, of each signal (side

chain, beta-sheet, random coil + alpha-helix and beta-turn) to the amide | peak.

X-Ray diffraction

X-Ray diffractograms of Sl and SILK-SI samples are shown in Figure 4. The S| sample incubated
for 180 minutes and the FA treated SILK-SI sample exhibit, both, a similar wide halo. The peak
at 26=16° is an experimental artifact from the sample holder. For the SILK-SI samples, the longer
the incubation time the more the diffraction peaks increased at characteristic angles of silk |
(26=20.3°and 24.6°) and silk IT (26=19.8° and 24.8°). For the 12-hour incubated sample, previous
signals increased and developed clear diffraction peaks and new, sharp signals appear at 26=8.9°
and 18.2° for silk I and 26=12.2° for silk Il. The signals were assigned based on the information

in the literature [60-62].
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Figure 4. X-Ray diffraction patterns of the: (A) Sl incubated 180 minutes, (B) the SILK-SI sample
treated with FA, the SILK-SI sample incubated for: (C) 5, (D) 30 and (E) 180 minutes; and (F)
SILK-SI sample incubated 12 hours. Samples exhibited a consistent increase in signal intensity

related to the formation of silk I (red dashed line) and silk Il (black dashed line) crystal motifs.

Heating-Cooling Thermal analysis of SELP

The SILK-SI was subjected to 26 heating and cooling cycles with the thermograms shown in
Figure 5A, with the complete runs in the Supporting Information. The thermogram of the first
heating cycle for the SILK-SI shows a unique transition peak at 16.75°C (Figure 5A). In the
second heating cycle, this signal shifted towards a higher temperature with a lower intensity, and
a new shoulder appeared at lower temperatures (12.458°C). As the number of cycles increased,
the peak maximum in the first heating cycle continued to displace towards higher temperature
(reaching up to 17.7° C) and reduced in intensity, becoming a slight shoulder after cycle 9; the
shoulder found upon the second heating cycle at 12.5°C increased in intensity while the maximum

remained constant.

Thermograms of the cooling cycles follow a similar trend (Figure 5A), although some differences
were found. The first cooling cycle already showed a double phase transition, composed of a
dominant peak at 16.0°C and a shoulder at 11.2° C. In subsequent cooling cycles, the main peak
maximum in the first cycle shifted towards higher temperature (reaching up to 16.8°C) and

decreased in intensity, disappearing after the 11" cycle. In contrast, the shoulder at 11.2 °C
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increased in intensity while maintaining the same maximum. Thermograms of the 6 heating and

cooling cycles of the SILK-SI after 12 hours incubation at 37°C showed little differences.

The SI sample was subjected to 6 heating and cooling cycles (Supporting Information). The
thermograms exhibited totally reversible phase transitions, where only one peak was found in

both the heating and the cooling cycles at 15.6+0.1°C and 14.6+0.1°C, respectively (Figure 5B).
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Figure 5. (A) Details of thermograms for the heating and cooling of a 100 mg/mL SILK-SI
solution in PBS, showing a smooth evolution of the endotherms as the number of cycles increased.
(B) The evolution of the T: observed for both signals (16.75°C, red columns; 11.2°C, black
columns) along 26 heating and cooling cycles. Black dots represent the T: observed for the SI

along 6 heating/cooling cycles.

Heating-Colling Rheological analysis of SELP
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Figure 6. Evolution of the mechanical properties of the SILK-SI as function of thermal input. (A)
Shows the first 8 heating and cooling cycles, (B) cycle from 9 to 17, (C) cycle from 18 to 24 and

(D) last 3 cycles.

The SILK-SI shows similar results to those obtained in the first rheological experiment (Figure
1) along the first cold isotherm (1°C) and heating stages (heating ramp and isotherm at 30°C).
Along the first cold isotherm, the SILK-SI remained water soluble and exhibited weak mechanical
properties (G’’>G’~1-3 Pa). In the first heating, once the temperature rose above the T; of the
SILK-SI, the mechanical properties rapidly increased and gelled at around 17°C
(G’=G’’=493.8Pa). The elastic modulus increased as the temperature continued to increase
(Figure 6, segment B) reaching values of 1.05 kPa, whereas its loss modulus decreased down to

180 Pa. During the first isotherm at 30°C the mechanical properties were virtually constant.

At the initiation of the first cooling stage, the mechanical properties of the SILK-SI slightly
increased but, as soon as the SILK-SI sample was cooled below its Tt, the properties decreased

to G’>G’=1-5 Pa and remained in this range all along the second cold isotherm.

13



In the second cycle, along the heating stage, once the temperature rose above the Tt, the
mechanical properties rapidly increased and reached slightly higher values at the end of this stage
than at the end of the first heating stage for elastic and loss moduli. In the second hot isotherm,
similar to the first, the mechanical properties again slightly increased and reached higher values
for both moduli than in the first hot isotherm. In the second cooling stage, the mechanical
properties dropped significantly once the temperature reaches values below the T; for of the SILK-

Sl and remained similar to those found in the previous cooling stage.

This behavior was repeated in each of the 27 cycles where the mechanical properties increased
during the heating stage and grew further during the hot isotherm, reaching higher values at the
end of both stages than those at the end of the same stage in the previous cycle. Whereas
mechanical properties decreased in the cooling stages and were further reduced during the cold
isotherm, they remained higher than those found at the end of the same stage in the previous cycle.
This behavior was more markedly upon the 17" cycle, were differences within successive cycles
and between the start and the end of the same cycle are more notorious. After cycle 23 the SELP
remained as an hydrogel even in the cooling stages, as seen by the greater value of G’ when

compared to G”’.

DISCUSSION
Rheology

Despite the similar features of Sl to other ELRs capable of physically crosslinking [28], this
protein did not form a hydrogel with increased temperature. Instead, the mechanical properties
decreased as the temperature rose above 15.9°C (temperature at which the phase transition takes
place, by DSC). This thermal behavior was related to hydrophobic folding and association of
isoleucine domains (IB). Even at a high concentration (100 mg/mL), the SI molecules were not
capable of entangling among the different hydrophobic clusters formed by the phase transitioned

IB [63-65], but seem to aggregate into independent nanometer sized particles (31.54 nm, Pdl:
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0.266), as seen by DLS (See Supporting Information). The absence of cohesiveness between Sl
particles seems reasonable due to the lack of interacting groups that would otherwise foster inter-
particle interactions and the small repulsion between surface exposed polar residues in the N-
terminal of the Sl (Z-Pot of -5.18+2.23 mV). The second decrease in mechanical properties at
31°C could be due to further reorganization of the SI molecules into smaller particles (See
supporting information), as result of a closer interactions among the isoleucine hydrophobic cores,
which results in a reduction of the volume fraction of the colloid suspension, and thus, a reduction

in the already limited mechanical properties [66].

The SILK-SI exhibited different behavior when compared to the SI polymer due to the presence
of the silk domains. The initial higher mechanical properties found at temperatures below the Tt
were attributed to the few silk crosslinks that might be formed during purification of the polymer
[52]. The sharp increase in mechanical properties above the T; was related via ultra-fast silk
crosslinking induced by the increased local concentration derived from the hydrophobic
associations of IB. As IB associated into hydrophobic clusters, the silk motifs were carried along
(Figure 7C), increasing local concentration and facilitating the nucleation of silk crystals that grew
and incorporated more silk motifs to crosslink the SILK-SI. The slight decrease in both, the elastic
and loss moduli were attributed to the reorganization of the isoleucine motifs as result of an
increase in temperature, as observed in the SI polymer. The parallel plateau and subsequent
growth of G” and G’ seemed reasonable regarding the molecular structure of the SILK-SI. The
crosslinking of the SILK-SI involved locking a visco-elastic spring from both sides (Figure 7B);
the silk motifs as the locks and the visco-elastic spring as the elastin-like blocks. The greater the
number of linked silk motifs, the more visco-elastic chain crosslinks, and thus, further
contribution to the loss and elastic moduli. After 26 min of incubation at 37°C, both moduli reach

a plateau value, indicating that all possible silk crosslinks had formed.
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Figure 7. (A) Schematic of the SILK-SI below the T; and above the T:. Silk domains (gray boxes)
are labelled in with a lock, representing the interlocking chains, while the elastin domains (blue:
serine domain, red: phase transitioned isoleucine domain) are identified with the viscoelastic
properties of the material. (C) Schematic on how the hydrophobic interactions (red dashed boxes)
of the isoleucine elastin domains bring together the silk domains (black dashed boxes), facilitating

crystallization.

Fourier Transform Raman spectroscopy

The sharper and more defined spectra for the SILK-SI samples incubated at 37°C, in comparison
with that of the Sl and the FA treated SILK-SI, revealed a more ordered and defined structure.
The similarity between the FA-treated sample and the SI sample revealed the effectiveness of the
FA treatment in removing crosslinks that may have occurred during purification of the protein
[67]. Further, the 30 seconds of incubation at 37°C was sufficient for the IB of the SILK-SI
polymer to completely phase transition from water-soluble to water-insoluble [68, 69]. The
spectra showed that a short incubation time (5 minutes) was sufficient for the formation of silk
crosslinks, based on the appearance of silk | and silk Il related peaks. Longer incubation times
increased the amount and intensity of silk I and silk 11 signals, consistent with the formation of
more silk crystals of different sizes (i.e., crosslink regions), as well as a consistent shift in the
maximum of the amide I band, as an indicator of the formation of silk Il [70, 71]. Such results

were similar to those observed with the rheological measurements, where longer incubation times
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above the T; of the SILK-SI resulted in higher mechanical properties as result of the increased

crosslinks.
FTIR analysis

The consistent shift of the SILK-SI amide | peak towards lower wavelengths with increased
incubation time indicated the formation of silk crosslinks [54]. Even for the shortest incubation
time (5 minutes) there was clear displacement of the maximum amide | peak, supporting the
formation of silk crosslinks. Displacement of amide I peak towards lower wavelengths was related
to the decrease in random coil and increase in B-sheet content. Such behavior was clearer with the
amide I deconvolution analysis (Figure 3G). As with the Raman spectroscopy, the FA-treated
SILK-SI and the SI samples revealed similar spectra and the lowest content of B-sheet and highest
content of random coil and a-helix, as a result of the acid treatment [72] for the SILK-SI and the

absence of the silk domains in the Sl control.

For the SILK-SI samples we observed a consistent increase in -sheet content, while random coil
and a-helix signals decreased. Both changes were consistent with the transition of the silk motifs
from random coil in the un-crosslinked state to organized beta-sheets [73]. After 30 min of
incubation, both, B-sheet and random-coil signals changed slightly with longer incubation times,
consistent with the rheological measurements, where mechanical properties plateaued 34 minutes
after the temperature surpassed the T; of the SILK-SI. Interestingly, both side chains and B-turn
signals consistently changed with incubation time, increasing and decreasing, respectively.
Crosslinked silk motifs adopted either a parallel or antiparallel beta-sheet structure with about 4A
distance between adjacent sheets [74]. This close packing of the silk motifs seems to distort the
adjacent phase transitioned 1B, reducing the amount of B-turn content in its vicinity. The reduction
in these B-turns is consistent with increased side chain signal, as the amino acid side chains in

these distorted B-turns were less packed with more mobility [9].

X-Ray diffraction
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The Sl and SILK-SI treated with FA revealed similar X-Ray diffraction patterns characteristic of
non-crystalline materials. The longer the incubation time for the SILK-SI sample the more
prominent the peaks related to silk crosslinks (silk I and silk 1), consistent with the Raman and
FTIR amide | analyses. The sharp peaks observed at 12 hours do not reflect an increase in number
of silk I and silk Il crystals. In the rheology, mechanical properties plateaued after 34 minutes
above the T; for the SILK-SI, whereas in FTIR B-sheet formation was similar after 30 minutes of
incubation above the Tt. Thus, the sharp increase in silk | and silk 11 signals was related more to
alignment of already crosslinked silk motifs, which does not increase the mechanical properties
but increases diffraction of these structures, revealing the sharper X-Ray diffraction signals [75-

79].

Heating-Colling Thermal analysis of SELP

Previous technigues have shown rapid crosslinking of the silk domains. For example, rheological
measurements showed that as soon as temperature is above the T; for SILK-SI, crosslinking
begins. In addition, the crosslinking process in silk elastin-like polymers induces changes in
thermoresponsive properties [28]. While the temperature is above the T, the IB interact as
hydrophobic entities, fostering hydrogen bonding among the silk domains, as demonstrated with
rheological measurements. If the temperature is below the T, IB are water-soluble again, and
rehydrate by water clathrate formation. The H-bonding interactions among crosslinked silk
domains influences the capacity of these IB to interact with water for solvation [28]. These facts
prompted us to perform time-course thermoanalytical analysis of the SILK-SI to understand how

physical crosslinking of the silk domains affects the thermal properties.

The samples were subjected to 26 cycles of 4°C isotherm-heating ramp-30°C isotherm-cooling
ramp (Figure 8AjError! No se encuentra el origen de la referencia.). The first isotherm at 4°C
ensured complete solubility of the SILK-SI before the heat ramp, while in subsequent cycles this
temperature permitted the rehydration of the isoleucine motifs. The heat ramp served to support
the analysis of the thermal behavior of the samples after cooling at 4°C, while the cooling ramp

served supported the analysis of the samples after heating at 30° C.
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All of the phase transitions were related to the IB, as they are the only elastin domain that phase
transitions in the temperature range studied [18, 80]. The single peak observed in the first heating
cycle indicated a single population of phase transitioning IB. The existence of a double phase
transition in the first cooling cycle (after 5 minutes of incubation at 30°C) indicated the presence
of two populations of phase-transitioning IB. The peak at 16°C was related to the phase transition
of uncrosslinked 1B (U-IB), which suffered typical hysteresis towards lower T; when compared
to the heating cycle [81, 82]. In contrast, the shoulder at 11.2°C related to the silk-crosslinked 1B
(C-IB), as the silk crosslinks lower the T; of the nearby elastin domains [28]. Five minutes at 30°C
(above the Ty) was sufficient to form effective silk crosslinks, based on the rheology and

spectroscopic results.

In the second heating cycle revealed a double phase transition composed of a main peak at 16.8°C,
0.2°C higher and lower intensity than in the first cycle. This also included a less intense shoulder
than that observed in the first cooling cycle, at 12.5°C. The peak was related to the U-IB and the
shoulder to the C-IB. The decrease in the intensity of this shoulder, when compared to the first
cooling cycle, revealed a reduction in the number of IB that phase transition at this temperature
(C-IB). Further heating cycles shifted the peak maxima towards higher temperatures, while
decreasing the intensity and disappearance after the ninth cycle. In contrast, the shoulder signal
consistently increased in intensity, becoming a defined peak above the fifth cycle, and maintaining

maxima constant.

The second and subsequent cooling cycles followed a similar trend as the heating cycles, while
some subtle differences were found. The main peak found in the first cooling cycle (related to the
U-IB) systematically shifted towards lower T: and decreased in intensity, disappearing after the
eleventh cycle. The shoulder found at 11.2°C increased in intensity and became a clear peak after
the third cooling cycle. Interestingly, the shoulder found at lower temperatures increased with
cooling cycles, when compared to the same heating cycle. Such behavior was related to the
transformation of the U-1B population into a C-1B population. The increase in the C-1B population

at the expense of U-IB was responsible for the increase in intensity of the shoulder found at
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12.5°C. The decrease in the number of U-1B, was responsible for the displacement towards higher
temperatures (as the concentration of this population decreases [23]) and the decrease in intensity
of the peak found in the first heating cycle. Although the C-1B population increased with each
heating cycle, the T did not shift towards lower temperature. This effect was explained due to the
fact that the reduction of the T; of these domains was related to the crosslinking of adjacent silk

domains.

There are two remarkable facts in the thermal behavior of the SILK-SI that point out a previously
unobserved effect. The first fact is that the disappearance of the signal related to the U-IB in the
heating and cooling stages takes place at different cycles, disappearing in the ninth cycle for the
heating and in the eleventh cycle for the cooling stage. Second, the fact that the shoulder related
to the C-IB became clearer in the heating and cooling stages, also at different cycle numbers
(fourth and second, respectively). These two facts suggest that during the cooling isotherms, the
rehydration of the IB can disrupt some of the previously formed silk crosslinks (Figure 8),
decreasing the population of C-IB and increasing that of the U-IB. Thus, the rapid rehydration of
the elastin domains in the SELPs studied here, located adjacent to the relatively small silk
domains, appears capable of disrupting previously formed silk physical crosslinks, when these

silk domains are relatively small in size.

Cycle 1 m’ Cycle 2 Cycle 8 Cycle9 Cycle 10 Cycle 11 Cycle 12
300C
Y 1 1 1
1e¢ _ ;

B & c § b & e 0 F g
A ﬂﬂﬂﬂ= AT AN m
RN r— MO JJQFU
AARA-—lI. (" AAAVA— I S
A AV S U
;._/\f\./\—- Jm‘- SN v’\_/"\-f\/\/\-‘—"

G H ! s ¢ e
AN T S SRS

Figure 8. (A) Schematic of the DSC thermal program for the SILK-SI samples. Blue and red line

stand for the cold and hot isotherms (4 and 30°C), respectively, whereas the dashed red and blue
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arrows stand for the heating and cooling ramps, respectively. Numbers shown represent the
number of transitions found at each heating/cooling ramp. (B-F) Schematic of the thermal
behavior of the IB and the proposed mechanism of formation and breakdown of silk crosslinks
due to the reversible phase transition of the IB along the first two and a half cycles. (B) After the
first isotherm at 4°C all IBs are hydrated. (C) As temperature rises above the Ty, all IB phase
transition at the same T: and the hydrophobic interactions facilitate H-bonding between silk
motifs. (D) Lowering the temperature below the T permits the rehydration of the Ibs. Lightly
bound silk motifs are broken due to the rehydration of the adjacent 1B, whereas tightly bounded
silk motifs remain crosslinked, which changes the thermal properties of the adjacent IB.
Successive heating stages € increase both the number and strength of silk crosslinks, increasing
the number of C-IB at the expense of U-IB, whereas hydration of IB in the cooling stages (F) is
capable of breaking some lightly bound silk crosslinks. Schematic of the hydrated U-IB (G), the

phase transitioned U-IB (H), phase transitioned C-1B (J) and hydrated C-1B (K).

The behavior of the SlI control was typical of an ELP [83], and very different from the SILK-SI.
With six thermal cycles a complete reversible phase transition with a small hysteresis of about
1°C was observed. The different thermal behavior was attributed to the silk domains as the

difference among both constructs.

Heating-Cooling Rheological analysis of SELP

In order to corroborate the results obtained in the heating-cooling thermal analysis of the SILK-
Sl, the sample was subjected to the same heating-cooling program while the mechanical
properties were measured. The similarity of results between the first rheological experiments and
the first three stages (cold isotherm, heating ramp and hot isotherm) indicated the reproducibility
of the results. When the temperature remained below the T; for the SILK-SI, the mechanical
properties remain low, corresponding to the water soluble state of the polymer. When the

temperature rose above the Tt, the IB sharp phase transition to a water-insoluble state allowed the
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adjacent silk domains to interact and crosslink. As result of this crosslinking, the mechanical
properties increased and continued to do so along the first hot isotherm as further crosslinks

formed with the silk domains.

This phenomenon continues to the initial stages of the first cooling ramp, as the temperature
remains above the T:. As soon as the temperature was below the T; of the SILK-SI, the mechanical
properties dropped due to the rapid reversible phase transition of the IB into the soluble form. In
this transition the IB lost their characteristic molecular conformation responsible for the elastic

properties and adopted a random conformation.

Interestingly, even though IB phase transitioned and became water soluble in the previous cooling
ramp, the mechanical properties continued to decrease along the second cold isotherm (being this
phenomenon much clear in the last 3 cycles). This loss in mechanical properties can be explained
if the rehydration of the IB can break some of the previously formed silk crosslinks. The forces
that drive this rapid rehydration of the elastin motifs are strong [42, 43, 84-87] and are directed
perpendicular to the stacking direction of the silk motifs [88, 89]. Reduced efficiency of H-
bonding or poor chain registry can be issues involved [90] (Figure 8). This hypothesis is supported
by the DSC analysis, were signals related to C-1B disappeared, or become weaker, after cooling

the sample below its T; (Figure 5).

In successive temperature cycles, the mechanical properties increased as the temperature rose
above the Ty, reaching higher values than in the same stage of the cycle immediately before, due
to the phase transition of both the C-IB and U-1B, which recover their elastic properties and to the
increasing number of silk crosslinks. The mechanical properties decreased as the temperature was
lowered below the Tt, for the same reasons as in the first cycle, but remained higher than at the
end of the same stage of the previous cycle due to the increased number of stable silk crosslinks

formed in the warmer stages.
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Conclusions

Two recombinant proteins, SILK-SI and Sl, were designed and biosynthesized, differing in the
presence of B. mori silk fibroin derived domains. Both proteins were thermoresponsive with the
small differences measured in the T: attributed to the increased hydrophilicity the silk motifs with
surrounding phase transitioning isoleucine domains [26, 28]. The fast gelation of SILK-SI was
related to the crosslinking of the silk domains, as the Sl did not form hydrogels in response to an
increase in temperature. Instead, the SI formed nanometer sized nanoparticles, as seen by DLS.
Spectroscopic analysis (Raman, FTIR, X-Ray diffraction) revealed that 5 minutes of incubation
above the T; was sufficient for the SILK-SI to form stable silk crosslinks and 30 minutes of
incubation above the T; was sufficient for most silk domains to crosslink. These results were
corroborated by rheology, as mechanical properties plateaued after 34 minutes above the T; of the
SILK-SI. The heating-cooling thermal and rheological analysis of the SILK-SI confirmed that 5
minutes was sufficient for the silk domains to crosslink, based on the increase in mechanical
properties and the appearance of a second population of phase transitioning I1Bs at lower
temperatures via DSC, associated to the C-IB. As the number of thermal cycles increased the
intensity of the DSC signal related to the C-IB increased, indicating the formation of new silk
crosslinks. The forces involved in the rapid rehydration of the IBs in the cooling stages were
responsible of the reversal of silk crosslinks, as seen by the lower intensity of the DSC signals
related to the C-IB after the cooling stage and the decrease in the mechanical properties when the
temperature was below the T: based on rheology. The reversible rehydration of the elastin-like
blocks in a SELP can result in the breaking of the H-bonding responsible for the silk crosslinks

when these domains are relatively small.
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