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Abstract We used advanced thermal analysis methods to
characterize a new family of A-B di-block copolymers
based on the amino acid sequences of Nephila clavipes
major ampulate dragline spider silk. Using temperature
modulated differential scanning calorimetry with a thermal
cycling method and thermogravimetry, we captured the
effect of bound water acting as a plasticizer for spider silk-
like biopolymer films which had been cast from water
solution and then dried. A low glass transition because of
bound water removal was observed in the first heating
cycle, after which, a shift of glass transition was observed
in A-block film due to crystallization and annealing, and in
BA film due to annealing. No shift of glass transition after
bound water removal was observed in B-block film. The
reversing heat capacities, C,, for temperatures below and
above the glass transition were measured and compared to
the calculated values. The solid state heat capacity was
modeled below T, based on the vibrational motions of the
constituent poly(amino acid)s, heat capacities of which are
known from the ATHAS Data Bank. Excellent agreement
was found between the measured and calculated values of
the heat capacity, showing that this model can serve as a
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standard method to predict the solid state C, for other
biologically inspired block-copolymers. We also calculated
the liquid state heat capacities of the 100% amorphous
biopolymer at T,, and this predicted value can be use to
determined the crystallinity of protein-based materials.
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Introduction

The dragline of Nephila Clavipes has been widely studied
because of its potential application in tissue engineering and
drug delivery [1-3]. Recent studies suggest that at least two
proteins, the major ampullate spidroins 1 (MaSpl), and
major ampullate spidroins 2 (MaSp2), comprise the spider
dragline silk fiber [4]. MaSpl and MaSp2 proteins are
modular in nature. Both of them consist of three specific
structural motifs with highly repetitive consensus sequences
[4]: (1) the poly-alanine GA/A,, motif, (2) the GGX motif in
MaSpl or GPGGX motif in MaSp2, and (3) the N-terminus
and C-terminus. Hayashi and co-workers extensively studied
the correlation between the sequence, structure, and the
mechanical properties of spider silk proteins [5, 6]. They
associated these motifs with its impact on the mechanical
properties of a silk fiber. In particular, alanine-rich “crys-
talline module,” gives the fiber tensile strength and tough-
ness, and the GGX and GPGGX “elasticity module,”
stabilized the fiber and provided the elasticity and extensi-
bility. To draw a correlation between the sequence, struc-
ture, and thermodynamic properties of biomacromolecules,
the phase transitions of silk worm silk fibroin have been well
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studied using quantitative thermal analysis [7-9]. Pyda et al.
[10-12] also interpreted the thermodynamic properties of
biomacromolecules by the underlying molecular motion.

Inspired by these ideas, we studied the phase transition of
alanine-rich A-block which is similar to the “crystalline
module,” glycine rich B-block which is similar to the
“elastic module” and their block copolymer BA using
temperature-modulated differential scanning calorimetry
(TMDSC). In the present study, we investigate the thermo-
dynamic properties in the range of the glass transition tem-
perature, T,. As reported, bound water plasticizes the silk
fibroin films inducing a low T, during heating, and the water
content within the silk film affects the value of this water-
induced 7, [8, 11, 13]. To avoid this effect, we used a vacuum
oven and a thermal cycling method [13, 14] to remove both
the surface and the bound water. This cycling process was
monitored by TMDSC and both plasticization effect of
bound water and the shift of T, due to crystallization and
annealing, were captured. The water content lost during
heating was also assessed by thermogravimetry (TG).

In this study, we also investigated the thermodynamic
properties of A-block, B-block, and BA block copolymer
based on the amino acid molecular motion. The baseline of
the heat capacity, and the solid and liquid C, values of
biomacromolecules can be predicted using the advanced
thermal analysis system (ATHAS) data bank and the amino
acid structures as described previously [11, 15, 16]. In
brief, below T, the solid C;, is based only on the atomic
vibrational motion; while above T, the liquid C, is based
on both the vibrational motion and the large-amplitude
conformational motion [15]. Following this method, we
calculated the solid and liquid C, values of A-block,
B-block, and BA block copolymer. Excellent agreement
was found between the calculated and the measured values
of the heat capacity by TMDSC. During heating, the glass
transition is observed as an endothermic step in the heat
flow, corresponding to an increase in the heat capacity. The
magnitude of the step change at T, is proportional to the
amount of material changing from the solid to the liquid
state [17, 18]. Using the measured C,, values from TMDSC
and the calculated change of heat capacity step at T of
100% amorphous sample based on the amino acid molec-
ular motion, we also determined the crystallinity of the
spider silk-like biomaterial. The result was confirmed by

wide angle X-ray diffraction (WAXD). From this funda-
mental study of the correlation between thermal properties
and amino acid motifs, we anticipate that these results will
provide an insight for the design and control of the smart
materials having similar properties as spider silks using
well-controlled protein sequences.

Experimental section
Materials and preparation

A-block, B-block, and spider silk-like block copolymers
BA without histidine tags were synthesized by the Tufts
University Protein Core Facility (TUCF) on an Applied
Biosystems ABI 431 peptide synthesizer employing tradi-
tional F-moc chemistry and purified. In order to prevent
cyclization of the peptides, the C-terminus was modified to
an amide. Synthetic peptides were purified by HPLC
(2.1 mm C,;g column). The synthetic peptides were run on
SDS-PAGE and stained with Colloidal Blue and silver
stain to confirm their purity. MALDI-TOF was used to
confirm protein identity. The materials were obtained in
solid form after lyophilizing and then cast into films from
water solution for the purpose of our studies. The number
of residues, the amino acid sequences, and the calculated
and measured molecular weight by MALDI-TOF of
A-block, B-block, and BA, are listed in Table 1.

Differential scanning calorimetry

TMDSC measurements were carried out using a TA Instru-
ments Q100 DSC equipped with a refrigerated cooling sys-
tem to obtain the total and reversing heat flow. Indium was
employed for calibrating the heat flow and temperature
before sample measurements. In the thermal cycling and heat
capacity studies, the experiments were performed at a heat-
ing rate 2 °C min~' with a modulation period of 60 s, and a
temperature amplitude of 0.318 °C. A nitrogen purge gas
was used at a flow rate of 50 mL min~'. The sample mass
weighed about 2-3 mg. Endotherms were presented with
downward deflection in heat flow versus temperature scans.

For the quantitative DSC studies of the heat capacity, a
three-run method [15, 19] was carried out: (1) the first run

Table 1 Amino acid sequence and molecular weight of A-block, B-block and BA

Code # Residues Sequence M, /Da M,, (MALDI)/Da
A 17 MASGAGAAAAAGGAGTS 1278.3 1279.73
B 25 MASQGGYGGLGSQGSGRGGLGGQTS 2227.4 2228.46
BA 39 MASQGGYGGLGSQGSGRGGLGGQTSGAGAAAAAGGAGTS 3198.3 3199.73

Note Underlined sequences indicate the A-block (without modified C-terminus), and bold sequences indicate the B-block (without modified C-terminus)
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was with the empty Al reference pan and the empty Al
sample pan, for correcting the asymmetry and baseline of
the DSC; (2) the second run was with the empty Al ref-
erence pan and Al pan filled with sapphire standard for
calibration; and (3) the third run was with the empty Al
reference pan, and the Al pan filled with sample. After a
steady state was obtained, the heat capacity of the sample
can be determined by

me+Cs—er:ACC6u‘ :%KU (1)
where C; and C; are the heat capacities of the sample pan
and empty reference pan, respectively, and AC. is the
cell asymmetry correction which can be obtained in the
first run; K” is the calibration constant related to the
experimental conditions determined by the sapphire
standard in the second run; mC,, is the heat capacity of the
sample of mass, m, and the specific heat capacity, C,,
which is calculated from the third run. Ay is the heat
flow amplitude, and A is the sample temperature modu-

lation amplitude.
TG

TG was performed on a TA Instruments Q500 thermo-
gravimetric analyzer at a heating rate of 2 °C min~' from
room temperature to 300 °C in a nitrogen purge gas flow of
50.0 mL min~'. To prevent the powdered sample from
being blown out of the pan by nitrogen gas flow, the
samples were encapsulated in aluminum DSC pans during
heating. Several holes were made on DSC lids to let the
sample surface be exposed to the atmosphere, to allow the
degradation products escape. Before each run, the empty
pan with platinum TGA basket was used to calibrate the
zero point of the total mass. The initial sample mass ranged
between 4.0 and 5.0 mg.

WAXD

WAXD was performed on a Bruker GADDS D8 Discover
X-ray diffractometer (wavelength 4 = 0.154 nm) operated
at 40 kV and 20 mA. Scattering angle, 20, was calibrated
by silicon (111) peak at 28.444°. The scan time used was
1,800 s per sample. The scattering angle, 26, ranged from 5
to 29°. The air background was subtracted from the ori-
ginal scan for each sample. To calculate the crystallinity
index, ¢, the two-dimensional WAXD patterns were
converted into one-dimensional scans by integrating over
the azimuthal angle. Then, the Lorentz-corrected WAXD
peak intensity, I(q)q>, was fitted by Gaussian wave func-
tions as described previously [20, 21]. The crystallinity
index, ¢.;, was calculated using the area of the crystal
peaks, Acrysial, divided by the total area, Ay

Acrystal Acryslal (2)

¢ci =

Acrystal + Aamorphous Atotal

Results and discussion

Thermal cycling for surface water and bound water
removal

The state of water absorbed in polymeric systems has been
extensively studied [13, 22, 23] using various techniques
[7, 13]. It has been reported that water in polymeric sys-
tems can be classified into three types [13, 23]: (i) free
water, (ii) freezable loosely bound water, and (iii) non-
freezing bound water. To determine the water content in
A-block, B-block, and BA, TG measurements were per-
formed. The water-cast films of A-block, B-block, and BA
were stored in desiccators before the experiments. A por-
tion of these films were enclosed in aluminum DSC pans
and heated at 2 °C min~! in TG:; the rest of these films
were enclosed in the aluminum DSC pans, annealed in
vacuum oven at 30 °C overnight, and then heated in TG at
the same heating rate of 2 °C min~'. The empty pan with
platinum TGA basket was used to reset the zero point of
the total mass. Figure la, b, c, shows the TG curves of
A-block, B-block, and BA, respectively, before (dashed
curves) and after (solid curves) annealing in vacuum oven.
As observed from Fig. 1, the un-annealed samples lose
mass faster than the annealed samples, which suggest that
the surface water in A-block, B-block, and BA film was
removed by annealing samples in the vacuum oven. By
subtracting the mass of the remaining fraction of the un-
annealed from that of the annealed films, we can estimate
that, for the un-annealed samples in hydrophobic A-block
film, the free water accounts for about 4.9% of the total
mass; in hydrophilic B-block film, the free water is about
5.4% of the total mass; and in block copolymer BA, the
free water takes about 3.0% of the film total mass (as
shown in the inset plots of Fig. 1). Results indicate that in
A-block, B-block, and BA films, surface water is not inti-
mately bound to the polymer chain and can be easily
removed by storing the samples in the vacuum oven.
After annealing in the vacuum oven, mass loss still was
observed in the A-block, B-block, and BA films during
heating because of the bound water removal (as shown in
Fig. 1 solid curves). By heating at 2 °C min~', the
annealed films start releasing water molecules into the
environment at about 40 °C. As the temperature increases,
more and more water escapes, and the total mass of the
films decreases. Until about 100 °C, a total mass loss of
~ 1% bound water was lost from the A-block film. Owing
to the hydrophilic nature of the B-block film, the bonding
interaction between water molecules and the polymer
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Fig. 1 Thermogravimetric
curves of mass remaining versus
temperature at 2 °C min~" for:
a A-block, b B-block, and ¢ BA
before (dashed curve) and after
(solid curve) annealing in a
vacuum oven at 30 °C. The

inset plots of mass remaining 60
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chains is stronger than that in the A-block film. B-block
film will release water molecules at a higher temperature
range, from about 40 to 150 °C, and with a larger amount
of the total mass loss of 4% bound water. BA lost about a
total mass loss of 2% bound water during heating. This can
be compared with the reconstituted silk fibroin protein,
which contains around 5% of bound water independent of
the heating rate [13].

From the previous DSC studies [7, 8, 11, 13], bound
water inside the silk films will induce a low T, during
heating, and the water content in the silk film will affect the
temperature value of this water-induced glass transition. To
study the effect of bound water on the spider silk-like
biopolymers, the surface water absorbed in our samples
was removed by annealing the samples in vacuum oven at
30 °C overnight before DSC measurements. Then, we used
seven continuous heating cycles to monitor the change of
the total and reversing heat flows during water removal by
TMDSC. All the seven heating cycles started from the
same temperature, Ty, = —50 °C, and the cycles 1-7
ended at steadily increasing ending temperatures of
Tena = 100, 120, 140, 150, 160, 170, and 230, respectively.
Figure 2a, b, ¢ shows the total heat flows of A-block,
B-block, and BA, respectively, during thermal cycling.
Because the total heat flow curves of the cycles 2—7 overlap
each other in the temperature ranging from —50 to 0 °C,
the total heat flows for the cycles 2—7 were shifted upward
for clarity.

The bound water removal process analyzed using the
total heat flow is shown in Fig. 2. As the temperature
increases slowly, the bound water molecules evaporated,
which results in not only an absorption of enthalpy but also
a mass decrease. To obtain an accurate sample mass, the
sample mass of each run was corrected according to the TG
profiles with the same heating rate of 2 °C min~"'. In the
first heating process, no melting peak around 0 °C was
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observed. This indicates that after keeping the films in
vacuum oven overnight, the free water was completely
removed [7]. During this process, a very broad endothermic
peak in the temperature range of 0—100 °C was observed.
This can be attributed to the interaction between intermo-
lecular weakly bound water molecules and the polymer
chains [24, 25]. In the second heating process, the total heat
flow curve is almost a straight line. This indicates that the
non-freezing bounded water residue is also removed. Dis-
tinct T, values for A-block, B-block, and BA in the absence
of the effect of water were obtained in the cycles 3-7.

Figure 3a, b, c shows the TMDSC reversing heat flows of
A-block, B-block and BA, respectively, during the thermal
cycling study. The reversing heat flows in the cycles 2—7
were shifted upward for clarity. By the analysis of the
reversing heat flows, we can avoid the non-reversing endo-
thermic effect from water evaporation, and only focus on the
glass transition behavior in the thermal cycling process.

In Fig. 3a, the T, of A-block shifted from 130 to 156 °C,
and the reversing heat flow step size at T, became smaller
for the cycles 4-7. Results indicate that A-block film was
enabled to crystallize during the slow heating process.
Owing to the restriction induced by f sheet formation on
the mobility of the remaining less-ordered segments and
the free volume reduction from thermal annealing, 7, in
A-block shifts to a higher temperature [26, 27]. As shown
in Fig. 3a, the f§ sheet in the crystalline regions also acted
as physical cross-linker causing a broadening of the
relaxation process at T,. This result is consistent with what
had been observed in the reconstituted silk fibroin protein
films [19, 28]. In Fig. 3b, the T, of B-block is very stable at
138 °C from the cycles 3-7, and the step sizes of change of
the reversing heat flows at T, are the same. Because
B-block film sample is almost fully amorphous before DSC
measurement (determined from WAXD) and no f§ sheet
crystals were formed in the thermal cycling process, the
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Fig. 2 TMDSC total heat flow at 2 °C min~' versus temperature
during seven thermal cycles, for: a A-block, b B-block, and ¢ BA.
Endotherms are presented with downward deflection

restrictions on the chain mobility are almost unchanged.
Thus, the value of 7, of B-block remains constant. In
Fig. 3c, the T, of BA block copolymer is also shifted from
137 to 154 °C in the cycles 3-7, and the step sizes of
reversing heat flow change at 7, are the same. In BA, the
films did not crystallize during the heating cycles. How-
ever, because the block copolymer BA has two subunits
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Fig. 3 TMDSC reversing heat flow versus temperature at
2 °C min™! during seven thermal cycles, for: a A-block, b B-block,
and ¢ BA. Endotherms are presented with downward deflection

linked by covalent bonds, the backbone of its polymer
chain exhibits higher flexibility than that of B-block.
Annealing of BA film reduced the free volume in between
the polymer chains and thus confined the mobility of the
remaining less-ordered segments, which leads to a higher
T, [26, 27]. From Figs. 2 and 3, we can conclude that (1)
bound water cannot be completely removed by annealing
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in the vacuum oven, and a low glass transition in the
temperature range from 50 to 80 °C is formed because of
the intermolecular weakly bound water; (2) the shift of the
glass transition temperature during slow heating after
bound water removal can be observed in A-block film
because of both crystallization and annealing, as well as in
BA film because of annealing; and, (3) no shift of glass
transition during slow heating after bound water removal
can be observed in B-block film.

Heat capacity of spider silk-like motifs and their block
copolymer

The calculation of the heat capacities of polypeptide and
silk proteins has been discussed in detail previously [11,
15]. In brief, the solid C, from 0 K to the onset of glass
transition is based on the assumption that only the vibra-
tional motion from the constituent amino acid residues
contributes to the heat capacity. The solid C, value can be
estimated as the sum of products of the vibrational heat
capacities of the individual amino acid residues, Cy(i),
times the total number of each type of amino acid residues
found in the sequence, N;:

Cp(solid) = C,(vibrational) =Y ~ NiCy (i) (3)

The solid C,, for individual amino acid monomer, Cy(i),
can be found directly or predicted from the data in ATHAS
data bank [15, 16, 29].

From the amino acid sequences of A-block and B-block
in Table 1, the solid C, can be calculated as

Co "% (solid) = 8 x Cp(Ala) + 5 x Cp(Gly) +2
x Cp(Ser) + Cp(Met) + C,(Thr) 4)
Cp "% (solid) = 11 x Cy(Gly) + 4 x Cp(Ser) + 3
X Cp(GlIn) 4 2 x Cp(Leu) + Cp(Ala) + C,(Arg)
+ Cp(Met) + C,(Thr) + C,(Tyr) (5)
The solid C,, of BA block copolymer is just the sum of
the solid C, values of the A-block and B-block after
subtracting the solid C;, of the one C-terminus:
BA : __ A—block . B —block :
C, " (solid) = C} (solid) + C}, (solid)
— (Cp(Met) + Cp(Ala) + Cp(Ser)) (6)
The solid C,, [J (mol K)~ '] is the molar heat capacity as
mentioned in Eqs. 3-6, and can be converted to the specific

heat capacity, ¢, [J (g °C)~", by dividing it by the
molecular weight, M:

cp(solid) = Cy(solid) /M, (7)

The liquid C, at T, of 100% amorphous sample can be
estimated by their the amino acid sequence and chemical
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Fig. 4 The measured and calculated apparent reversing heat capacity
versus temperature, after annealing at 120 °C, for dry films of: a A-
block, b B-block, and ¢ BA. Heavy curve Cy(experimental), thin solid
curve Cy(vibrational), filled circles Cy(liquid) calculated at T, taken at
half height of the heat capacity step. Dashed lines are the extrapolated
best fit lines to experimental curve above T,. Line ON is the measured
heat capacity step, AC,, at T, from TMDSC, and line MN is the
calculated heat capacity step ACp, at T, based on the number of
mobile units for 100% amorphous sample

structure. Each mobile unit (i.e., each rotational bond) in
the polymer chain on average contributes 11 J (mol K)™'
[18] to the change of heat capacity, ACy, at T, and these



Spider silk inspired di-block copolymers

1199

rotational degrees of freedom contribute about 91% to the
AC, [15]. Thus, the ACy at T, can be calculated. The slope
of the liquid C, is obtained from the tangent of the C,
(experiment) above T.

Next, to eliminate the bound water, the samples were
annealed at 120 °C for 60 min. In Fig. 4a, b, c, the mea-
sured heat capacities (shown in heavy solid curve) agree
very well with the calculated solid c;, (thin solid lines) and
calculated liquid ¢, at T, (filled circle). This agreement
supports the conclusion that only the vibrational motion of
the amino acid residues contributes to the solid C, below
T,, and the rotational and translational motions must be
taken into consideration when estimating the liquid C,,

The degree of crystallinity is also determined from the
TMDSC measurements and the heat capacity model, and
the results are summarized in Table 2. During heating, the
step change of C, at T, only comes from the non-crystal-
line region of the sample [30]. On the assumption of a two-
phase model comprising crystals and mobile non-crystal-
line chains, the degree of crystallinity, ¢, can be calcu-
lated from

pc=1-py=1- (ACP/ACPO)‘Tg (8)

where AC;, is the heat capacity step measured at T, from
TMDSC (shown as line ON in Fig. 4 and line ON overlap
line MN in Fig. 4b, c), and ACPO is the calculated heat
capacity step at T, based on the number of mobile units for
100% amorphous sample (shown as line MN in Fig. 4).
To verify the heat capacity model, WAXD was also
employed to determine the crystallinity index of A-block,
B-block, and BA. The inset plots of Fig. 5a, b, ¢ show the
2-D WAXD pattern of A-block, B-block, and BA,
respectively. The 2-D WAXD patterns were then radially
integrated into 1-D WAXD intensity. In Fig. 5a, three
major crystalline peaks were observed for A-block film at
g = 12.09, 14.51, and 17.06 nm~! corresponding to lattice
distances of f sheet d>oo = 0.520 nm, dj>y = 0.433 nm,
and dy>; = 0.371 nm, respectively [31]. A broad peak of
the amorphous halo centered at ¢ = 15.57 nm ™" was also
observed for all the samples as shown in Fig. Sa—c(c). By
fitting the Lorentz-corrected WAXD peak intensity /(¢)q*
vs.q (open circles in Fig. 5) with Gaussian wave functions
(solid and dashed curves in Fig. 5) as described previously

Table 2 Crystallinity determined by TMDSC and WAXD of
A-block, B-block and BA

Sample ACHe“ ) Acgetael) g Pe
Jg~lec! Jg~lec! (DSC)  (WAXD)
(& 0.001) (£0.001)  (£0.02) (£0.03)

A 0.397 0.539 0.27 0.31

B 0.539 0.543 0.01 0.03

BA 0.545 0.544 0 0.01

[20], the crystallinity index, .;, was calculated using the
area of the crystal peaks to the total area by Eq. 2, and the
result is summarized in Table 2. For the A-block, the

(a) A-block film
g
&
N\
X
I~
5 10 15 20
Scattering vector, q/nm'1
(b) B-block film
3
=
(o]
X
S
~
5 10 15 20
Scattering vector, q/nm‘1
(c) BA film
3
=
X
)
~

5 10 15 20

Scattering vector, q/nm_1

Fig. 5 Deconvolution of the Lorentz-corrected WAXD intensity,
1(g)q2 versus g, using Gaussian wave functions for a A-block, b B-
block, and ¢ BA (Open circles measured data, heavy curves
summation of Gaussian peaks, thin solid curves individual crystalline
Gaussian peaks, dashed curves amorphous Gaussian peaks, dotted
lines at the top the residual between the fitted curve and measured
curve). The inserts shows the 2-D WAXD patterns
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degree of crystallinity is about 30%, and for the B-block
and their block copolymer BA, the crystallinity is almost
zero. The amorphous B-block hinders the chain folding of
A-block in BA block copolymer and BA remains amor-
phous before and after the thermal cycling process.

Conclusions

The thermal properties of spider silk-like motifs A-block
and B-block, and their block copolymer BA were studied
using TMDSC. Water content in spider silk-like biopoly-
mer was analyzed by TG. Results indicate that by
annealing samples in the vacuum oven at 30 °C, the sur-
face water can be removed, but the bound water will
remain in the sample films. The bound water removal
process was studied using a thermal cycling method. A low
glass transition in the temperature range from 50 to 80 °C
was observed in the first cycle because of bound water
removal, after which, a shift of glass transition can be
observed in the A-block film because of crystallization and
annealing, and in the BA film because of thermal anneal-
ing. No shift of glass transition during slow heating after
bound water removal was observed in B-block film.

In this study, we also studied the thermodynamic
properties of A-block, B-block and BA block copolymer
based on the amino acid molecular motion. The solid C,
and liquid C, were predicted by using the ATHAS data
bank and the amino acid structures. Excellent agreement
was found between the calculated and measured values of
the heat capacity. We also used the heat capacity model to
calculate the degree of crystallinity from TMDSC, and the
result was confirmed by WAXD. For the “crystalline
module” like A-block, the degree of crystallinity is about
30%, and for the “elastic module” like B-block and their
block copolymer BA, the crystallinity is almost zero. The
amorphous B-block hinders the chain folding of the
A-block in the BA block copolymer, and the BA remains
amorphous before and after the thermal cycling process.
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