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“Methods to determine the pressure dependence of the molecular order parameter in
(bio)macromolecular fibres”

Combining FTIR spectroscopy and optical microscopy enables to correct the measured
dichroism for the fibres’ macroscopic orientation, and hence, separating pressure effects on
macroscopic and microscopic scales.
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The experimental realization and an algorithm for analtysire pressure dependence of the molecular order paraniefeaific
structural moieties in (bio)macromolecular fibres are dbed. By employing a diamond anvil cell (DAC) the polaripat
dependent IR-transmission and in parallel, using an iategrmicroscope, the macroscopic orientation of the filweateter-
mined. This enables one to separate between order and elisdrchacroscopic and microscopic scales. Using the examfiple
spider silk the pressure dependence of the molecular oatanyeter of alanine groups being located within nano-atyse
building blocks is deduced and found to decrease reverbipl01 GPa* when varying the external hydrostatic pressure be-
tween 0 and 3 GPa.

1 Introduction troscopy!! Unfortunately, preparing a thicker, and hence less
flexible, sample is not possible in any cases. Recently, Ene
Orientation on the molecular scale plays a fundamentaimole et al. published X-ray measurements on spider silk, where-
materials science, for example anisotropic mechanicaper o fore these highly flexible fibres exhibiting a diameter of 3
tical propertiesi— This information can be obtained by per- — 5 um have to be aligned? For that, they used a home
forming orientation-dependent measurements in comlunati puild pressure cell employing water as pressure transmitti
with externally applied mechanical fields as uniaxial str@s  medium being limited to @ GPal® However, methods en-
hydrostatic pressur&® In case of the latter, high pressure apling measurements on aligned highly flexible fibres at ele
experiments in spectroscopy are performed routinely, @her vated or high hydrostatic pressures are rare. In the fotigyi
fore a diamond anvil cell (DAC) is commonly employéd® e present two novel and easy to use approaches to transfer
Due to its geometrical constraints, resulting from two dia-gratings of aligned fibres into a DAC. Major ampullate spider
monds pressing against a gasket containing the samplenwithiilk fibres are employed, because its inherent high aniggtro
asmall hole £ mm), which itself undergoes deformation dur- of a B-sheet specific polyalanine vibratidrand the mate-
ing pressure application, performing polarization-defgent  rial's great flexibility, emphasize these fibres to an el
studies on a macroscopically oriented sample is a chatlengi model system probing geometrical misalignment and evalu-
task. Materials, that ensure the sample alignment of the samating a method’s feasibility avoiding geometrical disitoms.
ple, may affect the measurement by their own (backgroundyhe grating’s deformation upon the application of pressure
signals, and furthermore could hamper hydrostaticity due tis detected through measuring the apparent dichroic rétio ¢
their mechanical properties. Additionally, access to #ti®s  a specific IR absorption band, as well as, using optical mi-
ple compartment from outside is impossible after a first apcroscopy. With the help of the latter we separate the inflaenc
plication of pressure. Due to that reasons, Colom&aal.  of the macroscopic deformation of the fibre grating from the
used one thick fibre cut properly to fit into the gasket's borepressure-dependent microscopic distribution of tramsitho-
instead of many thin ones to perform polarized Raman speaments, both having an effect on the IR measurement.

t Electronic Supplementary Information (ESI) available: Thérdtion of the .
molecular order parameter in general and in case of rotatiommstry (S1), 2 Experlmental
the conversion between the molecular order parameter anddheid ratio

(S2), the convolution of a Gaussian distribution functioithva discrete dis- . . .
tribution function (S3), and the convolution of two Gaussfanctions (S4), Stainless steel gaskets (250 or 30 thick) and synthetic

as well as, Equations S1 and S2. See DOI: 10.1039/b000000X/ type 2a diamonds with a culet size aDInm are employed.
aUniversitat Leipzig, Fakulat fur Physik und Geowissenschaften, Institutf ~ The gasket’s pre-indentation is kept at a minimum to over-
Exper_imentelle Physik I,‘ Abteilung Molﬁphytsik,_ Li_nrézstraf&e 5, D-04103  come any distortion of the gl’id; just enough to estimate the d
Leipzig, Germany. E-mail: anton@physik.uni-leipzig.de amonds’ contact area. According to the culet size, a hole wit

bUniversitit Leipzig, Medizinische Fakitt, Poliklinik fir Zahnerhaltung und . ) ) ; .
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the diamonds’ contact area. The spider silk samples are madqg
from major ampullate (drageline) silk of the spidgephila
edulisusing the method of forced silking) The spiders are
reared on a diet of crickets.

To produce a grating of aligned fibres the following two
techniques are used: (A) For one approach a single thread is
reeled around two parallel roelsAfterwards, one side of the
so produced double-sided grating is glued directly on tlee ga
ket's surface covering its bore (Method A, Figure 1a). For
that, two-component glue is employed, because this adhesiv
provides high mechanical resistance while avoiding theceff
of solvents. The free standing side of the double-sidedrgyat
is removed, enabling to mount the sample into the DAC and
eliminating additional absorption and scattering. Pleaste
that the term grating is chosen in analogy to optical grating
and does not represent a crossed arrangement. Instead, the
bres are aligned in a parallel fashion since its displaceisen Fig. 1A grating of spider silk fibres wound around two stainless
controlled by a computer-operated stage. ) ) _ steel rods and glued on a gasket (a). Alternatively, a thread is

(B) An other approach to produce a grating of aligned fi- girectly wound around a gasket with flattened edges (b). Both
bres is winding the thread directly around the gasket cogeri methods are convenient to produce a grating of aligned fibres as
its hole (Method B, Figure 1b). For that reason, the edges oévident in the micrograph (c).
the initially circular-shaped gasket are flattened. Naligtos
used to fix the fibres on one side of the gasket before cutting
off the other side of the grating. This type of glue is empthye the IR transition moments? In case the spider silk grating is
because it exhibits excellent wettability. A gap of at leastdeformed and the fibres’ alignment is distorted, the outcome
1 mm is kept between contact site and sample compartmer®f the IR measurement depends on the microscopic oriente -
In addition, alternative approaches requiring enhancel-te tion of the IR transition moments, as before, but also on the
nological efforts compared to the two afore-mentioned onegnacroscopic geometrical orientation of the fibres. To evalu
are provided in the ESI. ate the latter and to separate its influence on the IR measure-

After the hole within the gasket is covered with a grating of Ments from the pressure-dependent microscopic orientatio
aligned spider silk fibres, paraffin oil is added which reduce W& make use of optical microscopy as independent techniquz
light scattering of the fibres without affecting their meofzal ~ COmMPplimentary to IR spectroscopy.
properties and also acts as pressure transmitting medidth.

Hydrostatic pressure is applied by means gi%copeDAC- 3 Results and discussion

HT(G) diamond anvil cell (easyLab) and determined in situ

from the pressure-dependent shift of the rulyflRorescence  After producing a grating of aligned fibres and transferring
line.!® Infrared spectra are recorded in transmission mode oit into the DAC, the sample and the gasket are deformed a=
a Fourier-transform-infrared(FTIR)-spectrometer (FTB®  the pressure is applied for the first time resulting in a losc
BioRad) equipped with an IR-microscope (UMA-500, Bio- of the fibres’ alignment (Figure 2). Despite a clearly visibl
Rad) and a mercury-cadmium-telluride (MCT) detector (Kol- deterioration, certain areas with fibres in parallel calh ls¢i

mar Technologies) using a spectral resolution of 4&nThe  found. On expense of signal-to-noise ratio and measureme ..
IR-light is linearly polarized before entering the DAC (ide-  time, the region of interest (ROI) of the focusing optics car
tails regarding the setup see the refereRéps be reduced resulting in a more-pronounced spectral digtmroi

The difference of the vibrational absorption at = and finally a larger order parameter. This argument is valid f
965 cnm! depending on the IR light's polarization, typical both method A and B described above.
for major ampullate spider silk, is utilized to determine@th  Especially when using Method B, it is noteworthy that due
dichroic ration (cf. Equation 2 and molecular order parame-+o the insufficient pre-indentation, the gasket’s boreexiga
ter ESI S2) of the3-sheet polyalanine nanocrystals embeddedwith rising pressur&1’, causing an elliptical shape of the
in an glycine-rich amorphous, glassy matfiX® As long as  hole. This deformation is a result of the gasket's asymmetri
one employs a grating of parallel fibres the dichroic ratio ofshape and affects the previously cut edges, because of a lack
this arrangement is identical to that of a single fibre and onef material at these sites. A2.0 or 27+0.2) GPa (derived
is able to extract information of the microscopic oriergatof ~ from the externally applied membrane pressure) the hole en-

2| Journal Name, 2010, [vol] 1-8 This journal is © The Royal Society of Chemistry [year]
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absorption.  For that a polarization-independent peak at
890 cn ! is used as a measure for the sample’s paraffin con-
tent. Especially in case of this sample arrangement, the
volume of the pressure transmitting medium is significantly
higher than for other measurements 100x compared to
former experiment3®), resulting in an enhanced background
signal. As a consequence of refractive index mismatch and
birefringent properties of spider silk, clear interferenuat-
terns are evident in the paraffin background spectra whish ha
to be reassessed, while those are absent in case of the spi-
der silk measurements. After subtraction of a linear base-
= line from the paraffin-corrected spectra, the well sepdrate
] polyalanine peak is modelled with a pseudo-Voigt function,

as proposed by Stancik and BraufisAfterwards, the maxi-
Fig. 2 A scheme illustrating how to determine the macroscopic, ~mMum absorbancémax appearing at a polarization andleis
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geometrical orientation of the spider silk fibres (here after determined through fitting Equation 1 to the data:
subsequent pressure cycles). A micrograph is divided up into

equally sized squares (5050 pixel) in which the orientation angle A(p) = —logg [10*'%axco§ (p—Q)

with respect to vertical orientation is estimated. The bright square AN

indicates the 256 250 um? ROI of the IR microscope. A +10 sir’ (p— Q)} ) @)

histogram is compiled corrected for locating the mearfag® o

automatically performed when applying Equation 1 on the measured/here @ represents the polarization angle afgi, the ab-
spectra. The solid line indicates an optional fit assuming a sum of Sorbance value when the light is polarized perpendicular tc
two Gaussian distribution functions. The obtained parameters can b@.° Subsequently, these measures are used to calculate =
found in Table 1 apparent dichroic ratio

] ] ~ Amax
larges as wide as the pressure is not preserved anymore Larg D= Amin” @)

expansion of the bore can lead to damage on the diant8nds
however, in both of our experiments performed using MethodNote that we are focusing on the dichroic ratio as physicai
B, the diamonds remained intact. quantity instead of the order parameter, because to cédcula
For estimating the geometrical distribution of the fibres, athe latter all three values of the absorbance strengthivelat
micrograph of the sample compartment is divided into equato the principle axes has to be known, but only two of them
square regions, where the fibres are in parallel and their orican be measured directly when the sample is inside the DAC.
entation angle relative to a fixed direction can be estimate€onsequently, assumptions has to be made to work out t.:2
(Figure 2). Afterwards, a histogram of orientation angleglm  molecular order parameter based on the measured dichroic ra
elling the fibres arrangement within the image plane is comtio, which are well justified in case of rotational symmetric
piled. The heights of the histogram bars are corrected to ovefibres (see ESI S1).
come any deviation of the fibre length, and consequently the |n case the spider silk fibres are aligned and form a grat
sample volume, within a square region depending on the oriing (reeled around two parallel rods) a dichroic ratio of
entation anglel{= hp/cos(6)). Additionally, itis possibleto  pref _ 554405 or DrBef —2014+05 (Sff —0.88+0.01,

fit a Gaussian function (or a sum of those) to the histograngﬁéf — 0.86-+0.01) can be found (Figure 3a). In case the
enabling a continuous description of the fibres’ distribnti sample is prepéred using Method A, a deteriorated dichrois~
becomes evident (Figure 3b) and the dichroic ratio decseasc

Table 1 Parameters as derived from fitting a sum of two Gaussian

functions onto the histogram of Figure 2, whéreepresents the to Da = 5.5+ 1.1 when closing the pressure cell, due to the

mean valuew the standard deviation, aitia scaling factor. sample grating's misalignment. A measurement uncertain.y
for fitting the integrated absorbance of 5 % is estimated, re-

H —22.7° W 14.4° B 8434  sulting in a total uncertainty of 20 % for the dichroic ratib o

Iz 15.7° W 7.7 B2 4070 samples under load. The reference samples are not concerned

here. During the application of hydrostatic presdDygis re-

To specify the alignment of the sample fibres in a more re-duced further, but the initial value is restored duringxatéon

fined way, polarization-dependent FTIR spectra are recbrdewithout any indication of hysteresis or persistent detation
and corrected for the (also pressure-dependent) paraffiFigure 3g). Performing a second measurement cycle might

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |3
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detect additional plastic deformations, which are abseatir  width wy,
study.

In case of Method B the dichroic ratio appears to be slightly )
reduced when the thread is wound directly around the gasket 1 <9 -6 )
(D" = 17305, " = 0.84- 0.02) compared to winding G(o) = Ahad
around rods (see above). This reduction is caused by exehang o
ing rods exhibiting a circular cross section, where theatire 2)\2
can cling to their smooth surface, by a flattened, Béd®thick (6 —6 )
gasket with sharp edges. Despite the fact that the hole of the
gasket has a diameter of 5Q@n, whereas the microscope’s
ROl amounts to 256 250 um?, it is not possible to excluded
it as additional optical element deteriorating the measerd
conditions. However, similar to Method A)g is reduced

+exp , (5)

B

and takingD = 22.4, 201, and 173 while employing the re-

losing the cell due t trical distort P lation betweenS = (P (cosf,w)) and D (ESI S2) one is
upon closing the cett due 1o geometrical distortions o 9 able to obtain the width of the microscopic dipole distribu-

ing to Dg = 6.0+ 1.2, exhibiting a slightly larger value com- tion asawy — 12.0°, 12.7°, and 136°. Note that the second

pared toDa. A possible explanation might be found in the 2 A1) .
sample preparation. In Method A the grating is glued on thd®m 6, = 6, +180) results from periodic boundary con-

gasket'’s surface resulting in a gap due to the adhesive gaker ﬁllg?r:ZIiig?iohnatso rioi;h::girt](t)aglz(;’v\',\t;e??;?g”::ﬁggg?ﬁg\ﬁwe'
in Method B the thread is in direct contact to the gasket's sur =~ O to 180 g

face. This gab may cause a stronger misalignment, and hence, :

a lowered dichroism. Furthermore, to model the system composed of rotationally

To estimate the reversible change of the dichrioc ratio inSYmmetric fibres forming a disturbed grating it is useful é d
the range form O to 28 GPa a linear function is fitted to SCTibe it through the microscopic distribution of the maikee
the measured values & which results in a slope ol — trgnsmon dipole moments W|th|n.one. flb'(B(Q) convolvgd
(—0.07+0.14) GPa'! and an intercept db = 3.74+0.23. with the geometrical (macroscopic) distribution of the dbr

In that way one is able to separate the decrease of the apparén(¥»®)- The microscopic dipole distribution is handled as
dichroic ratio, due to geometrical misalignment from aigsi  Stated in the former paragraph. The geometrical distobuti

the DAC, and its variation as a result of hydrostatic pressur ©f the fibres is deduced from a micrograph of the fibres’ ar-
rangement within the sample compartment as describe above.

To model the molecular order parameter of a rotationalIyAdditiona”y, we assume that the grating’s deformationd an
symmetric fibre (or a grating of the fibres in parallel) we in- hence geometrical distortion, mainly take place withinangl
troduce the second Legendre polynomial as a definition of th‘ff‘)arallel to the diamonds’ surfacexz(plane). This is justi-
molecular order paramet€t fied, because the grating is in direct contact to one diamond 2

which it is supported. Due to the deformation, rotationahsy
1 metry, as in case of fibres in parallel orientation alongzhe
P, (cos) = > (3cog(6) - 1), (3)  direction, is not adequate anymore. To handle the asymmetr:
G (3, 9) is separated into two terms: one describes the fibrec’
orientation within thexz plane and is assigned to ég®) (x
direction), the other is assigned to %fip) and describes the
geometry in theg/zplane g direction). In case there would be
no difference between the dipole distributions in the two di
rections Gx = Gy) one is able to apply sfrip) +cos (@) =1
with the result thaG (8, ) is independent op and the system
1 (Qfo"G(e,w)co§(6)sin(9)d9 1> 4 e>.<hi_bits rotational symmetry. Because the dipole dis.t'rtihu .
27 [I'G(6,w)sin(6)db within theyz plane is much less affected by geometrical dis-
tortions than within thexz plane, the former can be treated
analogously to the undisturbed case, wherefgeis mod-

Note that averaging((..)) over all illuminated molecules is elled by a Dirac delta functioi () resulting in 1 during the
inherent in IR absorption measurements. Assuming a Gaugonvolution process. Thus, we define

sian shaped dipole distribution dens®(8) with its central
moment6y located at 0 (as derived from polarization mea- _ B _
surements on fibres in paral®¥land a certain distribution G(9,9) =Gx(9,) - cof (@) +Gy(9) - sirf(¢)  (6)

wheref describes the angle between a principle axirec-
tion, the fibre axis) and the transition dipole moment vedtor
case of rotational symmetry its ensemble average v@ids
identical with the molecular order parameget

(P, (cosB)) =

4|  Journal Name, 2010, [vol]1-8 This journal is © The Royal Society of Chemistry [year]
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distortion of the grating. (d - f) Polar representation of (a), (b), apddcmalized to 1 along with fits according to Equation 1. (g) Apparent
dichroic ratioD depending on the applied hydrostatic pressure. The blue line reprederear fit, while the dashed lines correspond to

D+0.5.
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with on both, the microscopic and the macroscopic distribution,
~ whereas optical microscopy can only be used to determine the
G(9) = Mg(g —9) (7)  Macroscopic one. By comparing the IR and microscopy mea-
YiN() surements, information of the microscopic distribution ba
G_y (8) = 6(9-0). (8) obtained. Hereafter we discuss possible factors that ¢an in

ence the deviation dd andD,x and derive the change of the
N (9) represents the counts of the histogrsiif;) according  microscopic transition moment distribution in dependenice
to the fibre segment’s directiok € [-30°, —25°, ..., +30°] hydrostatic pressure.
corrected for the angle-dependent sample volume within one Associated with recalculating the dichroic ratio we try to
square regiom (9;) = N (8;) / cos(;). correct the measured dichroism. For that purpose, we fix
After equating the principle axes of the microscopic (fi- the geometrical distributiorG (3, @) while comparing the
bre fixed) and macroscopic (geometrical) coordinate systemdichroic ratio depending on a variable microscopic disirib
(6 = &) and performing the convolution (ESI S3) one obtainstion width «wp with the measured values. Despite the integra-
the dipole distribution density of the geometrical diskatb tion during calculating the absorbance values (Equatiph6,9
grating G (6, ) which allows for the determination the ab- and 11) is limiting the determination of an analytical irser
sorbance strength with respect to the principle aRgs @y,  function, the dichroic ratio depending on the expectatign
andAz,) and, hence, the dichroic ratio, as well as, order pa-and the widthay of the underlying microscopic distribution
rameter values. shows a strict monotonic dependence. Thus, it is handled as
an injective transformation and an inverse function exists

A = C/Zn/né(e,cp)sinS(G)cosz((p) dodp (9) @ confined region, even when not expressible analytically.
02 0 Hence, parametrisation of this dependence allows for back-
21 pTT inati i o
A — = 3 i? 1 ward determination. Takingy = 18.1° a value ofD = 5.5
w C./ / (0, @)sim(9)sin (¢)dodg (10) similar to the on deduced from the spectral measurements is

2 7 , achieved (Figure 3f). In the former it is shown, that closin¢
A = C/O /0 G(6.¢)sin(6)cos (0)d0dp (11)  the DAC while misaligning the gratingt ambient pressure
reduces the dichroic ration to a greater extend than the-appl
The parameteC represents measurement-dependent valuegation of hydrostatic pressure afterwards. Thus, an iserea
(C = E§UGN) as the electric field strength or the transi- of the microscopic distribution width of 33 % of the value of
UO” d|D0|e moment, as well as a normalization constanthe undisturbed cases is not reasonable. That is why, we be-
(JE" J5'G (6. p)sin(0) dBdg = 4m). When calculating the  Jieve the origin of the deviation between the calculatedtaed

dichroic ratio within thexzplane, measured values lies solely in geometry.
A Basing on the reasons that are reduce the dichroic ratio we
Doy = Ai{ (12) investigate the influence of the fibre orientation. For that p
XX

pose, we introduce a model function representing the fibre

which is identical to the experimentally determined vale ~ (Mis-)alignment within thecz plane by replacingsx (Equa-
C is cancelled out® Using the asymmetric dipole distribu- tion 7) with
tion densityG (6, ¢) deduced from the microscopic descrip- (19 B Bil))z

tion G(6|6p = 0°,an = 13.6°) convolved with the fibre ori- G 9) = 1 exp

entationG (9, @) as derived form the micrograph and the his- X \/ﬁ 20wy

togram, the apparent dichroic ratio can be obtaineDas=

7.2. ltis evident, that this value is higher than the ratio fdun (19 B 19(2)>2

in case of the spectral measurements indicating a lessedien rexp| - 1 (13)
sample as presumed. Alternatively, using the fitted Ganssia 20?2

function results irD,x = 4.5 underestimating the fibres align-
ment, as already evident in the not-matching wings of the diswhile assuming%; = 0°. When determining the dichroic ra-
tribution function (Figure 2 and ESI S4). tio depending on the distribution widiy, it appears that the

So far, we have demonstrated that the spectral dichroism aslue D, corresponds to a width afy = 15.3°, whereas the
derived from IR measurements can be treated as convolutioexperimentally derived valu®( 20 %) is in accordance with
of the microscopic transition dipole distribution withirsa-  «w; = (189+3.3)°. It seems that the geometrical distribu-
gle fibre and the macroscopic, geometrical distributiorheft tion as derived from the micrograph is underestimating the
fibres inside the DAC in fair agreement (20 % accuracy) to thegrating’s distortion. On the one hand, fibres beyond the fo-
measured values. The outcome of the IR experiment dependsl plane of the camera can contribute to the IR measurement

6| Journal Name, 2010, [vol]l1-8 This journal is © The Royal Society of Chemistry [year]
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while they are not visible in the image. On the other hand.eter of highly anisotropic samples, as fibres of spider sitk f
the visual evaluation of the geometry depends on the imagmstance, is described. When applying hydrostatic presbare
contrast. Regions with fibres in parallel, as well as, higihly =~ sample in the Diamond Anvil Cell (DAC) becomes unavoid-
ordered regions are underestimated, due to a lack of contrasbly misaligned. However, through employing image analysi
whereas slightly unordered structure are clearly visible. and an appropriate mathematical formalism, the macroscopi
Assuming a geometrical distribution as described by Equasisorder of the sample is quantitatively determined. Adtar
tions 6, 8, and 13 and usingy = 13.6° andw; = 18.9° one  recting for the background signal of the pressure transitt
obtains a dichroic ratio ob = 5.5, in accordance with our medium (in this study paraffin oil), the pressure dependence
measurements, and an apparent order paramet®e=00.68  of the IR dichroism of a specific absorption band (polyalanin
(Equation S1). For comparison, the application of Equatiorvibration at 965 cm?) is deduced.
S2 would result inS= 0.60 clearly underestimating the or-  In summary, order and disorderraacroscopi@andmicro-
dering of the sample, because the separation betweedy  scopicscales are separated enabling to determine the pressure
direction is not done. dependence of the molecular order parameter of the alanine
Taking the parametera, andbp as derived from fitting a  moieties being located within the nano-crystalline bungdi
linear dependence on the apparent dichroic ratio undeohydr blocks of spider silk. The response of the molecular ordet
static pressure (Figure 3g) we are able to correlate the varyparameter to hydrostatic pressure up to a value of 3 GPa is
ing dichroic ratio during pressure application with an@te  obtained as @1 GPal.
microscopic dipole distribution width. Note that for esith
ing the parameters of Table 2 we assume a preserved geomg
try during pressing and relaxing runs, as indicated by micro
graphs, and a linear dependence betweeand S which, in
fact, is not the case over the hole range of possible valugs, b
applicable for the limitted range of this experiment.
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