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Abstract Advanced thermal analysis methods, such as

temperature modulated DSC (differential scanning calo-

rimetry) and quasi-isothermal TMDSC were used to ana-

lyze the protein–metallic ion interactions in silk fibroin

proteins. The precise heat capacities were measured and

theoretically predicted in this study. To remove bound

water and simplify the system, a thermal cycling treatment

through both standard DSC and TMDSC was used to detect

the underlying heat capacity and reveal the phase transi-

tions of the silk–metallic salts system. Results show that

K? metallic salts play the role of plasticizer in silk fibroin

proteins, which reduces the glass transition (Tg) of the pure

silk protein and negatively affects its structural thermal

stability. On the other hand, Ca2? metallic salts act as an

anti-plasticizer, and increase the glass transition and the

thermal stability of the silk protein structure. This indicates

that the thermal analysis methods offer a new pathway to

study protein–metallic ion systems, yielding very fruitful

information for the study of protein structures in the future.
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Introduction

Proteins easily form bonds with a variety of metal ions,

which provides many unique biological functions for the

protein structures [1]. Many amino acid residues can serve

as the potential ligands for a metallic cation [1], and

therefore control the overall structural stability of proteins

in different circumstance in vivo. The quarternary, tertiary,

and secondary structures of the protein all could be affected

by the interaction of metal ions [1]. Many approaches such

as X-ray crystallography and nuclear magnetic resonance

(NMR), have been previously used to study protein–metal

ion interactions [2], providing precise information about

the metal binding sites in the protein chains and deter-

mining the binding strength or the number of metal ions

bound on protein molecules.

Advanced thermal analysis methods can also be used to

investigate protein–metal ion systems. Metal ions may

serve different functions when added to the protein creating

a variety of structures, each having different thermal

properties. A simple case is the behavior of metal ions as

plasticizer or anti-plasticizer to the structure of protein.

In this paper, we use silk fibroin protein as an example

to discuss the protein–metal ion interactions through

advanced thermal analysis methods.

Silk fibroin proteins are usually biosynthesized in spe-

cialized epithelial cells that are produced in the glands of

silkworms [3, 4]. They have wide applications in the

modern textile industry and the newly rising fields of

biomedical science and engineering [5–8]. The domesti-

cated silkworm protein (B. mori silk fibroin) consists of

two protein sequences: the heavy chain (*350 kDa) and

the light chain (*26 kDa), which are present with a 1:1

ratio and linked by a disulfide bond [3, 4]. The heavy chain

sequence contains a large amount of highly repeating
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(Gly-Ala-Gly-Ala-Gly-Ser)n amino acid domains [3, 4, 9,

10]. The production pathways in silk fiber formation are

very complex but highly optimized. During the fiber

spinning process from the silkworm gland, water soluble

silk fibroin protein will rapidly transform to an insoluble

fiber which contains a large amount of antiparallel beta-

sheet crystals [3, 4, 9–12]. A combination of active dehy-

dration, flow-induced forces, gradual acidification, and

many metal ions such as K?, Na?, Ca2?, Cu2?, Mg2?, are

involved during the spinning process [3]. In a recent study

[10], we have reported that a mesophase exists at the

beginning stage of beta-sheet formation of silk fibroin

proteins. With the help of the internal bound water mole-

cules, a beta-sheet precursor structure is formed before the

protein reaches its glass transition, which promotes the

thermal crystallization of the beta-sheet structures above

the glass transition temperature. The precise thermal

analysis of silk protein with and without bound water has

been reported in our previous work [10, 11, 13].

Beside the bound water molecules, metal ions also have

been suggested to play a very important role in the

unfolding and folding process of silk fibroin when it moves

through the gland lumen and is spun out into air [3, 14–17].

Therefore, metal ions have attracted interest from both

polymer and protein researchers. Many studies, performed

during last decade [14–17], focused on the metallic ions

effect on the silk fibroin solution. Among them, the effect

of K? and Ca2? ions has been found to be related to the

unique functions in the silk fibroin proteins. Early studies

by Magoshi et al. observed the concentration change of K?

and Ca2? metallic ions in the different divisions of the

silkworm gland, and they pointed out that these ions can

dramatically influence the conformation of silk fibers [14,

15]. In addition, Chen et al. reported that the content of

major metallic ions changes within the secretory pathway

of B. mori silkworm. It is found that the K? ions can break

down the stable gel network of silk fibroin protein, while

the Ca2? tends to help the fibroin proteins maintain their

stable network [16, 17]. These opposite functions for the

K? and Ca2? ions could be used to adjust the beta sheet

crystal formation during the natural spinning process of

silk fibers. Therefore, in this paper, we will focus on the

thermal analysis of these two distinct metallic ions with

silk fibroin, and discus their specific functions within the

silk protein system.

Experimental section

Materials and preparation

The detailed silk fibroin preparation process has been

reported previously [9–11]. Briefly, Bombyx mori silkworm

cocoons (obtained from Tsukuba, Japan) were boiled in a

0.02 M Na2CO3 solution to extract the coated glue-like

sericin protein [3]. The remaining silk fibroin was dis-

solved in a 9.3 M LiBr solution at 333 K (60 �C) for 4–6 h

and then dialyzed with distilled water using a dialysis

cassette for 2 days. After centrifugation and filtration to

remove insoluble residues, the final 2 wt% silk fibroin

aqueous solution was obtained.

The chloride salt powers containing metal ions, K? and

Ca2?, which are important for the biomacromolecular or

protein functions, were purchased from Sigma Corp. with

a purity of more than 99%. The salt powers (KCl and

CaCl2) were first dissolved in distilled water forming a

1.0 mass% ion salt aqueous solution. Then they were

slowly mixed with the above silk fibroin aqueous solution

using a pipette to avoid any possible protein aggregation

during fast mixing in solution. The final solutions

obtained for this study were based on a mass ratio of

silk:KCl = 99:1 and silk:CaCl2 = 98:2. These concen-

tration ratios were chosen to mimic the strong interaction

that silk has with the metal ions according to their

physical condition within the silkworm gland [15, 16].

The homogenously mixed silk–ion salt solutions were

then cast in polystyrene Petri dishes to make silk fibroin

films with metal ions. The films were then put into a

vacuum oven at room temperature for 5 days to remove

moisture on their surfaces. Prior to any thermal procedure,

the films were found to be generally non-crystalline and

there was no strong signature of beta-pleated sheets

crystal peak (around 1,625 cm-1) in the FTIR absorption

spectrum. A detailed spectrum verification method was

reported in our previous work [9, 10].

Differential scanning calorimetry

The dried silk–KCl and silk–CaCl2 samples (each about

5 mg) were encapsulated in Al pans and heated in a TA

Instruments Q100 DSC, with purged dry nitrogen gas flow

(50 mL/min), and equipped with a refrigerated cooling

system. The instrument was calibrated with indium for heat

flow and temperature. Standard mode DSC measurements

were performed at a heating rate of 2 K/min. Temperature-

modulated differential scanning calorimetry (TMDSC)

measurements were also performed at a heating rate of

2 K/min with a modulation period of 60 s and temperature

amplitude of 0.318 K.

Aluminum and sapphire reference standards were used

for calibration of the heat capacity. The heat capacity

measurement consisted of three runs, as described in our

earlier work [9–11]. The first run is to use an empty Al

reference pan versus an empty Al sample pan to obtain the

baseline as background. The second run is to use an empty

Al reference pan versus an Al sample pan with sapphire
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standard to calibrate the calibration constant. The third run

is to use an empty Al reference pan versus an Al sample

pan with sample inside. The same empty Al reference pan

needs to be used in all the runs and all the Al sample pans

were prepared with same mass in order to maintain the

same baseline. During the measurements, initial and final

isotherms for all the three runs are used to assure that there

had been no change in the instrument baseline in the time

interval of these three measurements.

From a standard DSC measurement with a constant

applied heating rate, the total heat capacity, which consists

of both the reversing and non-reversing components, can

be obtained from [9–13, 18–25]:

mCp ¼ K0 HF=q ð1Þ

where K0 is a calibration constant, HF is heat flow, q is the

heating rate.

In TMDSC the ‘‘reversing heat capacity’’, which rep-

resent a reversed heat effect within the temperature range

of the modulation, can be measured and calculated from

[9–13, 18–25]:

mCp þ Cs � Cr � DCcell

�
�

�
� ¼ ðAT=AÞ K=xð Þ2þC2

r

h i1=2

ð2aÞ

¼ K00ðAHFÞ=A ð2bÞ

where Cp is the specific heat capacity of a sample with a

mass m; Cs and Cr are the heat capacities of the sample pan

and empty reference pan; DCcell is the cell asymmetry

correction which can be determined by running a series of

empty pans with various mass differences [20]. On the

right hand side of Eq. 2, AT is the amplitude of temperature

difference between sample and reference; A is the sample

temperature modulation amplitude; K is Newton’s law

calibration constant; AHF is the heat flow amplitude and K00

is a calibration constant at each individual temperature

provided the same experimental conditions are maintained

to assure the same heat transfer (e.g., same reference, same

modulation frequency).

The quasi-isothermal TMDSC procedure was carried

out over the temperature range of 403–512 K (130–

239 �C) with a stepwise temperature increase of 3 K. The

temperature modulation amplitude is 0.5 K, and the oscil-

lation period is 1 min. Each quasi-isothermal run lasted

20 min per temperature step, and the data points collected

during the last 10 min were averaged to calculated the heat

capacity at a given temperature. The establishment of

steady state was checked by plotting the Lissajous figures

of modulated heat flow versus modulated temperature. A

perfect ellipse needs to appear when steady state is

reached, as occurred during the last 10 min of the quasi-

isothermal step.

Results and discussion

Thermal cycling for bound water removal

In our previous studies, we have reported that bound water

molecules inside silk fibroins can induce a low temperature

glass transition during the heating process [10–13]. The

first glass transition induced by silk–bound water system is

essentially related to a mesophase which exists in the

beginning stage, just before beta-sheet formation [10, 11].

It is also reported that the water content in the silk film will

affect the temperature value of this water-induced glass

transition [10, 11]. In the silk–metal ion films, we observed

that bound water molecules also exist inside the films, even

after 5 days of holding in a vacuum environment. The

amount of bound water was around 3–5 mass%, measured

by TG (Thermogravimetric Analysis) [11]. Although it is

possible to observe and to discuss a complicated silk–ion–

water system by thermal analysis, it is necessary to

understand the simple ion effect on the silk fibroin protein

first before attempting to model them in a complex system.

Therefore, in the process of measuring the heat capacity of

silk–metallic ion samples, we need to avoid the formation

of this water-induced glass transition and to do so, it is

necessary to remove the bound water molecules first. In our

previous work [11], we developed a thermal cycling

method to reduce the effect of the water-induced glass

transition, which used a slow cyclic heating and cooling

process (*2 K/min) to remove the bound water slowly,

and avoid the silk protein–bound water glass transition

(around 80 �C). In this way, finally the sample can reach a

high temperature, above the water-induced glass transition,

without displaying an obvious lower glass transition.

Figure 1a and b shows the standard DSC (total heat

flow) of silk–KCl and silk–CaCl2 samples, respectively,

during the thermal cycling study. Figure 2a and b shows

the corresponding TMDSC reversing heat flow traces of

silk–KCl and silk–CaCl2 samples using the same thermal

cycling procedure. The thermal cycling method contains

six cycles of a heat-cool-reheat process to monitor the

change of heat flow during water removal at heating/

cooling rates of ±2 K/min. The four cycles take the film to

steadily increasing temperatures, Tend (= 328, 358, 428,

528 K). For clarity, Figs. 1 and 2 only show the heating

traces.

In the first heating process (curve 1, in Figs. 1, 2),

silk–ion samples were heated from just below room tem-

perature (288 K) to 328 K, and then they were cooled to

288 K. During this process, some intermolecular bound

water molecules were evaporated resulting in a mass

decrease in both silk–KCl and silk–CaCl2 samples.

Therefore, as the mass of the samples are reduced with the

progressive evaporation of bound water, the staring point
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of mass-normalized (mW/g) total heat flows and reversing

heat flows in the second heating process are larger than the

previous ones for both silk–KCl and silk–CaCl2 samples,

providing that no mass adjustment was performed during

the measurements. This phenomenon occurred in each

segment of the heating curves for both samples.

The total heat flows in Fig. 1a and b shows a curved

trace of bound water lost through the four cycles, which

presents as a endothermic process in the standard DSC heat

flow traces. The reversing heat flow from TMDSC can

avoid the non-reversing exothermal curve from water

evaporation, and only the glass transition related reversing

process can be seen in Fig. 2. In Fig. 2a and b, for both

silk–KCl and silk–CaCl2 samples, a straight line is the

typical shape in the beginning part of reversing heat flow

trace as temperature increase during each cycle. This

indicates that the silk–ion–water system remains stable

over this temperature region. In the end part of the

reversing heat flow traces, the lines always shift up with the

increase of temperature. This indicates the bound water

molecules are slowly leaving the silk–ion–water system,

Fig. 1 Standard DSC total heat flow versus temperature for the a
silk–KCl sample and b silk–CaCl2 sample during a thermal cycling

study. Four cycles (runs 1–4) of a heat-cool-reheat process were used

to monitor the change of heat flow during bound water removal, at

heating/cooling rates of ±2 K/min. Only the heating traces are shown

for clarity. The final runs are the total heat flows of a silk–KCl sample

and b silk–CaCl2 sample without bound water. Arrow marks the

temperatures such as the glass transition, crystallization peak, and the

thermal degradation of silk–metallic salt systems

Fig. 2 TMDSC reversing heat flow versus temperature for the a silk–

KCl sample and b silk–CaCl2 sample during a thermal cycling study

to remove bound water molecules. Four cycles (runs 1–4) were

performed at heating/cooling rates of ±2 K/min with a modulation

period of 60 s and temperature amplitude of 0.318 K. Only the

heating traces are shown. The final runs are the reversing heat flows of

a silk–KCl sample and b silk–CaCl2 sample without bound water

830 X. Hu et al.

123



which make the mass of the measured system reduce

gradually and results in an increasing heat flow trace.

However, there is still no silk–water glass transition (heat

flow shifting downward) occurring during the first through

the third heating cycles. Finally, in the fourth run

(Tend = 528 K), the total heat flow (Fig. 1) and the

reversing heat flow (Fig. 2) show an almost straight curve

without any bound water effect in the temperature region

below 430 K, and reach the glass transition of the silk

fibroin-metallic salts system without any bound water

remaining inside. Therefore, the silk–ion system made

through this cyclic procedure is free of water, and we can

now measure the exact mass of the silk–KCl and silk–

CaCl2 samples at this time for calculating the precise

specific heat capacity of silk–metallic salt systems.

In Fig. 1a and b, the final total heat flow traces of the

silk–KCl and silk–CaCl2 samples have many differences.

The silk–KCl sample has a very clear glass transition curve

but the non-isothermal crystallization peak of this system

was absent, which may indicate that a slower cold crys-

tallization process could be expected, compared to the pure

silk fibroin we observed before [9, 10]. This is consistent

with the argument of Chen et al. that the K? ions tend to

break down the silk fibroin protein network for the beta-

sheet crystal transition [16, 17]. The starting temperature of

the silk–KCl degradation is around 490 K. In contrast, the

silk–CaCl2 sample has a clear non-isothermal crystalliza-

tion peak after its glass transition region, and the starting

degradation temperature of this system has moved up to

around 512 K, which is also substantially higher than the

starting degradation temperature of pure silk fibroin, which

is around 498 K [9–11].

Heat capacity of silk fibroin–metallic salts system

The heat capacity of polymer and small molecules system

has been well developed by Pyda [26–28] and has been

used in our silk–water system [11, 13]. Briefly, the heat

capacity of the mixed system of amorphous polymer and

small molecules can be calculated from:

Cp poly� smð Þ ¼ Cvib poly� smð Þ þ Cconf poly� smð Þ
þ Cext poly� smð Þ

ð3Þ

where Cp(poly–sm) is the total heat capacity for the

polymer-small molecules system, Cvib(poly–sm) is the

vibrational heat capacity of this system, Cext(poly–sm)

represents the external heat capacity, and Cconf(poly–sm)

stands for the conformational heat capacity. The major

part of the total heat capacity is vibrational heat capacity

(first term on the right side of (3)), which has been proved

in silk fibroin to be almost equal to its total heat capacity

[10, 11, 13]. Therefore, we can ignore the last two terms on

the right in calculating the heat capacity for the protein-

small molecule system. The vibrational heat capacities of

the polymer-small molecules system in Eq. 3, can be

estimated by the addition of the heat capacities of polymer,

Cp,vib(poly), and small molecules, Cp,vib(sm), through the

equation:

Cvibðpoly� smÞ ¼ Xpoly � Cp;vibðpolyÞ þ Xsm � Cp;vibðsmÞ
ð4Þ

where Xpoly and Xsm are the molar or mass fractions

(depending on the units used for the heat capacities) of

polymer and small molecules, respectively [26–28].

A theoretical model based on Eqs. 3 and 4 was then

built for the solid and liquid heat capacity study of the

protein–metallic salts system, which is:

Cpðprotein� saltÞsolid ¼ Xprotein � CpðproteinÞsolid þ Xsalt

� CpðsaltÞ
ð5aÞ

Cpðprotein� saltÞliquid ¼ Xprotein � CpðproteinÞliquid þ Xsalt

� CpðsaltÞ
ð5bÞ

and was used for the study the heat capacity of the silk

protein–metallic salts system. In these expressions, protein

substitutes for poly, and salt for sm in (3) and (4), and the

heat capacities are understood to refer to the vibrational

heat capacities.

The solid and liquid heat capacities of the pure silk

fibroin has been measured previously [9–13] using differ-

ential scanning calorimetry (DSC), temperature-modulated

DSC (TMDSC), and quasi-isothermal TMDSC. The best

linear fit of the experimental data were found to be:

Cp(silk)solid = 0.134 ? 3.696 9 10-3T [J g-1 K-1] and

Cp(silk)liquid = 0.710 ? 3.47 9 10-3T [J g-1 K-1] over

the temperature region from 200 to 450 K. Moreover, we

developed a novel approach [13] to theoretically predict the

heat capacity of silk protein by the sum of the heat

capacities of its amino acid components. Results show it fit

the experimental data well, and the calculated data are

listed in Ref. 13. The heat capacities of the metallic salts

have been measured many decades ago, and are listed

partially (around room temperature) in most chemistry

handbooks. For example, the heat capacity of potassium

chloride in the low temperature region was measured by

Nelson et al. in 1933 [29] and by Morrison et al. in 1957

[30] including the references inside; the heat capacity of

calcium chloride was partially listed in a Calcium Chloride

Handbook by Dynalene Inc. PA, USA [31].

Rather than use the literature values, we re-measured the

heat capacity of the KCl and CaCl2 samples to check for
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experimental accuracy. The first several thermal cycles

were performed to remove the possible water in the KCl

and CaCl2 samples. Then the ‘‘three run methods’’ was

used to calculate the precise heat capacity of KCl and

CaCl2 in the temperature region of 250–600 K. The

selected measured heat capacities of KCl and CaCl2 are

listed in Table 1 for reference. The data are very close to

the previous literature reports [29, 30] and the chemistry

handbooks [31]. Therefore, we used our measured data for

the baseline calculation of the silk–metallic salt systems. It

needs to be noted that, in most cases, the metallic salts

without any bound water have a very high melting tem-

perature (e.g., Tm(KCl) = 1,048 K and Tm(CaCl2) =

1,045 K [29–32]), much higher than the degradation tem-

perature of most proteins. Therefore, the metallic salt

maintains itself in the same physical state throughout the

temperature range of our study.

Figure 3 shows the specific heat capacity curve of silk

protein–KCl (1.0 mass%) system from the TMDSC scan

(solid curve) in the temperature region of the glass transi-

tion. The quasi-isothermal TMDSC traces are also shown

for the comparison, using empty and filled circles. The

quasi-isothermal heat capacity scans were measured from

403 to 512 K every 3 K to obtain the accurate solid and

liquid state heat capacity values around the glass transition

temperature region. In most of the temperature region of

the solid state, the solid heat capacity obtained from these

two methods matched each other very well, although a tiny

slope shift was observed above 420 K. The two heat

capacity traces in the liquid state at temperatures above the

glass transition region are overlapped very well, no matter

whether they are measured from reversing TMDSC or

quasi-isothermal TMDSC.

The measured glass transition temperature of silk–KCl

(1.0 mass%) from TMDSC trace is 171 �C (444 K),

which is less than the Tg of pure silk fibroin proteins

(178 �C). For comparison, the reversing specific heat

capacity from a typical TMDSC heating scan of pure silk

fibroin is plotted by the dashed curve. The solid and

liquid state baselines of the pure silk protein are also

shown (dashed lines) according to our previous discussion

[10, 11]. Finally, the solid and liquid state heat capacity

baselines of silk protein–KCl system (solid lines) were

drawn according to Eqs. 5a and 5b. For the total solid

specific heat capacity, Cp(protein-salt)solid, perfect agree-

ment exists in the temperature region below Tg, indicating

that only vibrational motions of silk and ion salt con-

tribute to the heat capacity in this temperature region. For

the total liquid specific heat capacity, Cp (protein–ion)li-

quid, good agreement also exists. Therefore, the only clear

difference between the silk protein–KCl system and pure

silk fibroin are the downshift of the glass transition. KCl

plays a role of plasticizer in the silk protein structure and

reduces the glass transition of the total system. However,

Table 1 Selected measured experimental heat capacities* of CaCl2 and KCl in this study

Temperature (K) Heat capacity

of CaCl2 (J g-1 K-1)

Heat capacity

of KCl (J g-1 K-1)

Temperature (K) Heat capacity

of CaCl2 (J g-1 K-1)

Heat capacity

of KCl (J g-1 K-1)

250 0.6402 0.6723 420 0.7293 0.7559

260 0.6424 0.6742 430 0.7345 0.7580

270 0.6460 0.6783 440 0.7412 0.7655

273.15 0.6526 0.6785 450 0.7537 0.7721

280 0.6549 0.6837 460 0.7550 0.7773

290 0.6642 0.6912 470 0.7581 0.7855

298.15 0.6699 0.6975 480 0.7618 0.7930

300 0.6702 0.6992 490 0.7646 0.8006

310 0.6763 0.7038 500 0.7673 0.8086

320 0.6814 0.7091 510 0.7759 0.8144

330 0.6851 0.7121 520 0.7842 0.8233

340 0.6899 0.7141 530 0.7875 0.8313

350 0.6935 0.7193 540 0.7945 0.8389

360 0.7000 0.7240 550 0.7987 0.8478

370 0.7030 0.729 560 0.8035 0.8540

380 0.7053 0.7336 570 0.8063 0.8573

390 0.7121 0.7381 580 0.8109 0.8641

400 0.7189 0.7442 590 0.8167 0.8731

410 0.7241 0.7486 600 0.8260 0.8806

* The fourth digit on the heat capacity data, shown using superscript, is not significant, but is included to show the range of values
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not all metal ions have the same effect to the silk protein

system, as we show below.

Figure 4 shows the specific heat capacity curve of silk

protein–CaCl2 (2.0 mass%) system from the TMDSC scan

(solid curve) in a temperature region of its glass transition.

A quasi-isothermal TMDSC trace is also shown for this

system as a comparison, using empty and filled circles. The

heat capacity traces in the solid state (below the glass

transition region) are overlapped very well. In the liquid

state, the quasi-isothermal (QI) TMDSC trace has a sharper

slope compared with the TMDSC scan, but they finally

match together above 230 �C (503 K). Furthermore, the

QI-TMDSC trace within the glass transition region is

shifted to much higher than the TMDSC trace. This could

suggest a structural change may have occurred during the

long time annealing of silk–CaCl2 sample. Advanced

infrared spectrum analysis will be performed to understand

this phenomenon in future work.

The solid and liquid state heat capacity baselines of silk

protein–CaCl2 system (solid line) were drawn according to

Eqs. 5a and 5b. Also shown are the TMDSC heat capacities

for pure silk fibroin (dashed curve), and the solid and liquid

state baselines of the pure silk protein (dotted lines), the

same as in Fig. 3. It is clear that the glass transition tem-

perature of silk–CaCl2 system increases above the Tg of

pure silk fibroin protein to a much higher temperature of

197 �C (470 K). However, the fitting of the non-crystalline

baseline indicates that there are no crystals formed in the

silk proteins. This means the CaCl2 plays the role of an

anti-plasticizer in the silk protein structure and increases

the glass transition of the total system. Compared with the

effect of KCl salts, CaCl2 could make the structure of silk

protein dramatically change according to reports in the

literature [14–17]. Advanced structure analysis and

microscopy observation in the future studies will provide

us more detailed explanation of the effects of these ions on

the protein structures. For now we see that advanced

methods of thermal analysis can serve as a special method

to detect the impact of the metal ions on the thermal

properties of proteins, and provide subsequent information

for the protein–metal interaction studies.

Conclusions

In this study, we utilize advanced thermal analysis methods

to study the protein–metallic ion (salt) system. Silk fibroin

proteins mixed with two different metallic ions (salts),

silk–KCl and silk–CaCl2 systems, were for the first time

investigate by these methods, and their precise heat

capacities were measured and theoretically predicted by

TMDSC and Quasi-isothermal TMDSC in this study. To

remove the bound water and simplify the system, a thermal

cycling treatment through both standard DSC and TMDSC

was used to detect the real heat capacity and solid to liquid

phase transitions of the silk–metallic salts system. Results

show that K? metallic salts play the role of plasticizer in

silk fibroin proteins, which reduces the glass transition of

the pure silk protein and negatively affects its structural

Fig. 3 Specific heat capacity curve of silk–KCl (1.0 wt%) system

from the TMDSC scan (solid curve) and the quasi-isothermal

TMDSC trace (empty and filled circles) in a temperature region of

the glass transition. For comparison, specific heat capacity of pure silk

fibroin is plotted in dash line with its solid and liquid state baselines

(dash lines). The solid and liquid state heat capacity baselines of

silk protein–KCl system (solid line) were drawn according to Eqs. 5a

and 5b

Fig. 4 Specific heat capacity curve of silk–CaCl2 (2 wt%) system

from the TMDSC scan (solid curve) and the quasi-isothermal

TMDSC trace (empty and filled circles) in a temperature region of

the glass transition. For comparison, specific heat capacity of pure silk

fibroin is plotted with its solid and liquid state baselines (dash lines).

The solid and liquid state heat capacity baselines of silk protein–

CaCl2 system (solid line) were drawn according to Eqs. 5a and 5b

Thermal analysis of protein–metallic ion systems 833

123



thermal stability. On the other hand, Ca2? metallic salts act

as an anti-plasticizer, and increase the glass transition and

the thermal stability of the silk protein structure. This

observation is consistent with the previous studies of silk–

metallic interaction reported by other groups using differ-

ent methods [14–17]. This indicates that advanced thermal

analysis methods offer a new pathway to study protein–

metallic ion systems, providing very fruitful information

for the biomacromolecular researchers, which could be

applied also in other protein structure studies.
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