Raman Spectroscopy Methods to Characterize the

Mechanical Response of Soft Biomaterials

Hui Zhou, Chelsey S. Simmons, Malisa Sarntinoranont, and Ghatu Subhash”

Mechanical and Aerospace Engineering, University of Florida, Gainesville, Florida, 32611 USA
ABSTRACT

Raman spectroscopy has been used extensively to characterize the influence of mechanical
deformation on microstructure changes in biomaterials. While traditional piezo-spectroscopy has
been successful in assessing internal stresses of hard biomaterials by tracking prominent peak
shifts, peak shifts due to applied loads are near or below the resolution limit of the spectrometer
for soft biomaterials with moduli in the kilo- to mega-Pascal range. In this review, in addition to
peak shifts, other spectral features (e.g., polarized intensity and intensity ratio) that provide
quantitative assessments of microstructural orientation and secondary structure in soft biomaterials
and their strain dependence are discussed. We provide specific examples for each method and
classify sensitive Raman characteristic bands common across natural (e.g., soft tissue) and
synthetic (e.g., polymeric scaffolds) soft biomaterials upon mechanical deformation. This review
can provide guidance for researchers aiming to analyze micromechanics of soft tissues and

engineered tissue constructs by Raman spectroscopy.



INTRODUCTION

The mechanical properties of tissues and engineered constructs have been extensively studied at
various length scales!. The performance and functionality of these tissues and engineered
constructs are controlled by the hierarchical organization of various biological constituents from
amino acid chains, macromolecules, fibrils, to fibers®?. Understanding the relationship between
changes in microscopic structure and macroscopic mechanical response provides insight into
biological function, and a clear understanding of the relationship between microstructure and
mechanical response can also guide design of new biomaterials and enable monitoring of changes

during biomaterial fabrication and deformation*°.

Due to its high spatial resolution, non-invasive monitoring, and minimal specimen processing,
micro Raman spectroscopy (LRS) has been a valuable technique for monitoring biochemical and
structural information in biomaterials. pRS is a subset of vibrational spectroscopy which uses
monochromatic light to provide a structural fingerprint by which molecules can be identified due
to a specific pattern of molecular vibrations.® A complementary technique that utilizes molecular
vibrations is Fourier-transform infrared (FTIR) spectroscopy.’ In contrast to FTIR spectroscopy,
URS can collect data from aqueous samples, as the Raman scatter from water is weak, making it
suitable for studies on cells and tissues. Also, uRS has a finer spatial resolution than FTIR
spectroscopy.® In this review, we mainly focus on puRS. uRS have been widely applied to
characterization of diverse biomaterials, including native and engineered tissues.®!® The
applications of pRS to assessment of tissues is typically based on biochemical composition
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analysis, including ex vivo characterization of tissue functionality,'"!? disease progression,'*!* and

in vivo diagnostic measurements'>. Although uRS has been traditionally used for quantifying



composition in the biomaterials, efforts to use this technique to investigate mechanical response
of biomaterials have been growing. One popular method to analyze the mechanical response of
biomaterials to applied load is Raman piezo-spectroscopy, which correlates the shift in a specific

1'%, Piezo-

spectral peak position to the magnitude of applied or residual stress in the materia
spectroscopy has been effectively used on hard biomaterials (e.g., bone and teeth) which exhibit
detectable peak shifts to applied loads.!’-2° However, for soft biomaterials (with modulus < 1 GPa),
peak shifts under applied loads are negligible’!*2. Hence determination of local stress is not
currently possible for soft biomaterials such as ligaments® or synthesized hydrogel scaffolds with
low stiffness such as collagen or fibrin hydrogels. Because the sensitivities of Raman peaks
associated with molecular vibrations to mechanical deformation, Raman piezo-spectroscopy
cannot be applied uniformly across all biomaterials under mechanical deformation. Figure 1
compares observed peak shift sensitivity under mechanical stress to Young’s modulus for various
biomaterials that have been studied using uRS!°-3°, The dashed line indicates the limit of the piezo-
spectroscopy below which peak shifts are not currently detectable. While local stress magnitude
may not be determined in these low-stiffness biomaterials, RS can still be effectively used to
determine local structural changes in these materials after mechanical deformation. Here, we
review different approaches to characterizing physical and mechanical properties of soft

biomaterials using uRS. We highlight known relationships between structural changes that occur

at the macromolecular level and the Raman spectral features that best capture these changes.
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Figure 1. Biomaterials with sufficiently high moduli demonstrate quantifiable peak shifts while
low modulus biomaterials exhibit peak shifts that are often below the measurement limit of uRS

(represented by dash line). Data for this plot were compiled from references 10-30.

2. APPLICATION OF MICRO RAMAN SPECTROSCOPY TO BIOMATERIALS

2.1 Raman piezo-spectroscopy for hard biomaterials

Piezo-spectroscopy — from “piezo” in Greek meaning “to push” — is typically deployed to
understand the mechanical properties of a material, i.e., the material’s deformation in response to
being “pushed”. For soft biomaterials used in tissue engineering, an understanding of mechanical
properties is helpful to evaluate fabrication parameters and to determine if the engineered construct
can resist the mechanical forces anticipated after implantation. A simple test of mechanical
properties is to apply a load in uniaxial tension or compression and measure the resulting

deformation; after normalizing for the sample’s cross-sectional area and original length, the slope



of this curve can be converted into a modulus (units: Pascals, Pa). While the determination of the
macroscopic stress state in a mechanically loaded structure (i.e. applied load divided by the
original cross-sectional area of the test sample) is common practice in experimental mechanics,
most commonly used strain measurement methods (e.g., strain gages, photoelasticity, Moire
interferometry, etc.) are not applicable for backing out the stress at the scale of material
microstructure due to the unknown and complex relationship between the stress and strain. This
task of stress quantification becomes more challenging if the microstructure is highly
heterogeneous or hierarchical, such as those typically observed in biomaterials. Due to its high
spatial resolution, uRS is ideally suited to detect microscale stress or strain distribution in such
materials. High stiffness biomaterials such as calcified tissue (e.g., bone and teeth) and synthetic
bioceramics which can withstand large stress levels show detectable Raman peak shifts upon
deformation.” By calibrating the shift of a specific spectral peak to the applied stress, the piezo-
spectroscopic coefficient, i.e. stress per wave number shift, is obtained as is commonly done for
traditional engineering materials'’4%46, Pezzotti et al. studied the mechanical response of bone
under four-point bending and determined a piezo-spectroscopic coefficient of 2.45¢cm™!/GPa by
tracking the spectral band of hydroxyapatite (nominally 980 cm!) as a function of the magnitude
of applied stress (Fig. 2a-2b).!® The 980 cm™! band corresponds to the symmetrical stretching of
the tetrahedron of oxygen atoms surrounding the phosphorous atom as indicated by the inset in
Figure 2b and this Raman band is distinct from the spectrum of calcium phosphate ceramics.
Knowledge of the piezo-spectroscopic coefficient enabled spatial mapping of microscale stresses
for components of bone including calcified apatite and pre-calcified collagen (Fig. 2c). Apatite-
and collagen-rich regions were differentiated based on the intensity ratio of hydroxyapatite (980

cm!) and collagen (2940 cm™) bands in the Raman spectrum. Under an applied macroscopic



flexural compressive stress of 40 MPa, high stress regions were found to correspond with calcified
apatite-rich regions. Similarly, they characterized microscopic stress distribution at the interface
between enamel (more rigid) and dentin (less rigid) in teeth by examining shifts of the
hydroxyapatite band.!® After determining a piezo-spectroscopic coefficient from hydroxyapatite
band shifts under various macroscopic compressive stress magnitudes from 10 to 50 MPa, they
observed that the enamel layer was mostly in tension while the dentin core was mostly in
compression. Importantly, this study illuminated the complex load-bearing mechanisms of

biological structures where soft and hard materials coexist with a stress-free interface.
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Figure 2. Local stress distribution determined by Raman piezo-spectroscopy indicates magnified
compressive stress in collagen-rich phases and reduced stress in apatite-rich phases in cortical
bone. (a) Hydroxyapatite peak v; in bone used for piezospectroscopic calibration and collagen

peak (inset) for volume calculation; (b) Evolution of Raman peak shift of hydroxyapatite band



(chemical structure inset) with magnitude of applied uniaxial stress; (c¢) Collagen volume fraction
map (left) in cortical bone was determined by peak intensity ratio of hydroxyapatite (980 cm™')
and collagen (2940 cm™!). Inset maps show microscopic stress distribution calibrated by Raman
piezo-spectroscopy in different regions, enabling correlation of collagen content with material
properties. Adapted by permission from Springer Nature License: (Springer Nature) Analytical
and Bioanalytical Chemistry (Raman piezo-spectroscopic analysis of natural and synthetic

biomaterials, Giuseppe Pezzotti!®), Copyright © 2004 Springer Nature.

Both cortical bone and teeth have highly mineralized apatite which has a high modulus in the range
of 1-6 GPa.*’*° Most soft tissues of the body do not have such high mineralized content and hence
cannot sustain high stress levels needed to deform the chemical bond and change the state of the
bond vibration. While soft biomaterials exhibit large macroscopic strain (deformation), the stress
required to cause the molecular conformational changes is very small, and hence the Raman peak
shift is below the detection limit of the piezo Raman method. Therefore, without a detectable peak
shift, the Raman piezospectroscopic method cannot be applied in these soft tissues. To illustrate
the importance of mineralized content in biomaterials for piezo-spectroscopic analysis,
Chatzipanagis et al.?? synthesized mineralized collagen fibers by uniformly distributing nano-
apatite crystals in a collagen matrix and generated physical features similar to those found in newly
formed bone tissue. By changing the volume fraction of these mineralized nanocrystals, the
Young’s modulus of collagen fibers was varied from 0.5 to 6 GPa. Shifts in the phosphate-related
proline band (nominally 855cm! assigned to a carbon-carbon stretching or carbon-carbon-hydron
bending) in the mineralized micro-fiber were monitored under uniaxial tension. While there were
obvious peak shifts for mineralized collagen fibers with high modulus, no detectable peak shift

was observed for non-mineralized collagen fibers with sub-GPa modulus (Figure 3a). This



experiment further confirms that soft biological tissue without mineralized content cannot sustain
large stress and cannot exhibit detectable peak shift. Therefore, these materials cannot be probed

using piezospectroscopic analysis.

Furthermore, within our own group, we determined that piezo-spectroscopy is not suitable for non-
mineralized collagen-based biomaterials after examining three common hydrogels: naturally
derived type I collagen, polyacrylamide, and polydimethylsiloxane. Even for large deformations
of up to 100% strain, Raman peak-shifts of these hydrogel backbones could not be observed (Fig.
3b). It is likely that the polymer chains uncoil or slide past each other without sustaining enough
stress to deform bonds. Hence, there is no measurable change in their vibrational frequency.
However, understanding the mechanical response of natural (e.g., soft tissue) and synthetic (e.g.,
scaffolds) biomaterials at the microscopic level to applied deformation is of great importance to
regenerative medicine and the ability to engineer tissue surrogates that withstand physiological
loads. Despite its critical role in design of tissue constructs, there are few experimentally validated
studies linking applied deformation to microstructural changes in soft biomaterials. In the
following sections, we summarize various Raman spectral features that have been previously
utilized to understand the response of a range of soft biomaterials to applied mechanical forces.
We also provide suggestions for new analyses methods to further improve the utility of Raman

spectroscopy for deciphering the soft tissue response.
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Figure 3. (a) Raman peak shift of the proline band increased in mineralized collagen fibers under
uniaxial strain. No peak shift was detected for unmineralized collagen while a higher degree of
mineralization yielded higher piezocoefficients (0% (black), 30% (blue), 50% (green) and 70%
(red) mineral content of the micro-fibers). “In Situ Mechanical and Molecular Investigations of
Collagen/Apatite Biomimetic Composites Combining Raman Spectroscopy and Stress-Strain
Analysis” by Chatzipanagis et al.?? is licensed by under CC BY 4.0. (b). Band position of the
backbone bond normalized to band position at 0% strain for naturally derived type I collagen,
polyacrylamide (PA) and polydimethylsiloxane (PDMS) as a function of uniaxial tension strain.

(Data from authors’ work)
2.2 Polarized Raman spectroscopy applied to soft biomaterials with ordered structures

Soft biomaterials contain highly ordered hierarchical structures, for example protein chains in a
biological tissue. Polarized Raman spectroscopy can be effectively used to provide information on

the molecular chain orientation. In polarized Raman spectroscopy, incident and collected



(scattered) light are defined by electromagnetic vectors (Fig. 4). For vibrations along these vectors,
the measured intensities are higher compared to those when the vibrations are perpendicular to the
vectors. In ordered biological tissues with aligned microstructural units, one anticipates highest
Raman intensity when aligning the polarized incident and collected light with the biomaterial’s
axis of alignment (i.e. the XX configuration show in Fig. 4). The same principle is also used in
polarized fluorescence® where structural features such as the orientation of fluorescent molecules,
can be selectively recorded.’! Forster resonance energy transfer can also provide structural
information of biomaterials, such as the conformation of proteins. However, these imaging
modalities are limited to the incorporation of exogenous fluorescing constructs. The application of
polarized Raman spectroscopy allows for a label-free characterization of molecular orientations

and conformation of the molecules in the sample. °

Table 1 summarizes previously reported results for three widely investigated biomacromolecules
(collagen, elastin and fibroin) and their corresponding polarization-sensitive Raman bands under
mechanical deformation. To describe the polarized measurements, Porto notation®? is used to
indicate a sample’s axis of alignment with respect to the incident and scattered light polarization
(Fig. 4). Differences in intensities of the Raman bands in the different polarization configurations
show the preferential orientations of vibrations with respect to the microstructural units
investigated. Hence, leveraging these sensitive Raman bands, polarized Raman measurements
with respect to the biomaterials’ axis of alignment can be applied to determine orientation of the
microstructure in the indicated biomaterials. Furthermore, the quantity of the polarized intensity
(ratio) or polarized Raman band area (ratio) of certain sensitive band(s) is measured and correlated
to mechanical deformation, indicating the alignment change of the structure in the soft biomaterials

under mechanical deformation.
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Figure 4. Schematic showing the alignment of Raman polarization axis with respect to fiber axis

and the corresponding Porto notation for the oriented sample. Note, for example, the depicted

setup is in the Iy orientation™.

Table 1. Raman bands sensitive to laser polarization and structure orientation for soft

biomaterials
Macromole | Raman band Material Intensity Preferential Reported
cule comparison at vibration Application in
different orientation analysis associated
polarization (ll, parallel; L, | with mechanical
states perpendicular) | deformation
Rat tail tendon?! L <[ ; Lyy(668) o ith tension
Amide-I C=0 Iy > L e (1665)
(B-sheet)
Bovine tendon, | Ik <Iy_ 1 collagen -
human skin™ fibrils
Bovine tendon™ | I < Iy :ﬁ as a collagen
orientation marker
Rat tail tendon® | Iyy> Le; 7% 44 higher
I >I Lyy+2XIyx
oo degree of collagen
Collagen fiber alignment
Amide-I C=0 Rat tail tendon>® | I, > 1, || fascicle axis -
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(o-helix)

Amide III N-H Bovine tendon™ | I <Iy Amide IIT doublet
(ordered, helix) ratio as a collagen
1L collagen orientation marker
Bovine tendon™ | Iy < Iy fibrils -
Human dermis®’ | I, <I, -
Aligned L <Ly Amide ITT doublet
collagen thread®® susceptible to
polarization

Amide IIT C-N
(random coils)

Rat tail tendon™

Lix (or Ly )<Ly
(or Iyxor Iy )

Aligned
collagen thread®®

Lo > Ly

|| fascicle axis

Lex—1. -
—=2¥_ 1 3 higher
Lex+2X Ly

degree of collagen
fiber alignment

T1245/11454
susceptible to fibril
orientation

C—C skeletal

Rat tail tendon™

Lix (or Ix ) <Iyy
(or Iyxor L)

|| fascicle axis

Lex—1. -
—=2¥_ 1 3 higher
Lex+2X Ly

degree of collagen
fiber alignment

CH;-CH, Aligned Lix <Ly 1 collagen Li320/T1as4
collagen thread® fibrils susceptible to fibril
orientation
C-C protein Rat tail tendon® | I (or Iy )< Iy, || fascicle axis % 1 a higher
xx xy
backbone (or Iyxor L) degree of collagen
fiber alignment
Bovine tendon™ | Iy > 1, | collagen -
fibrils
v(CCO) Bovine tendon, | I >y | collagen -
human skin®3 fibrils
N-H protein Bovine tendon I <1 1 collagen -
) _ Y g
backbone human skin*? fibrils
Phenylalanine Pig Cartilage® L > Ly | cartilage axis | -
Pyranose ring Pig Cartilagesg x> Ly | cartilage axis | Ixx(1126) | after
compression
Elastin Phenylalanine Bovine Lo<Iyy 1 fiber axis Lxy(860) 4 [x(860)
ligament60 Ix(860) " I,,(860)
with tension
Amide I water Bovine L<Iyy 1 fiber axis Ly(1630) . 1x(1630)
ligament60 Lx(1630) 7 1,,(1630)
with tension
Silk filament®" | L > Lyy 28 | with tension
|| fiber axis ~
Amide III N-H Spider62_64 L > Iyy; (Iyy(1668)><1xx(1228)>2
L > Iyx; Lex(1668)X1,(1228)
Lo > Ly with alignment
Fibroin Silk [T ﬁ""ﬁﬁigi L with
monofilament tension
Silk filament®' L <y ) -
1 fiber axis
Amide I C=0 . 264
(B-sheet) Splder6 Iyy > Ixx > Iyx(or -

Ly);
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Silk® L. > Ixy Ly (1667) 1 Ly (1667)
Lix(1667) L (1667)

with tension

Polarized Raman spectroscopy can detect orientation changes of fibers within a soft tissue under
mechanical deformation, e.g., changes in the orientation of collagen fibrils in tendon?! and skin as
it is stretched®. In many biological tissues, collagen structure is hierarchical and consists of
collagen molecules assembled into fibrils, which are then bundled to form fibers. Each collagen
fiber consists of protein segments within which a specific vibrational mode has been identified that
is perpendicular to the backbone axis of the peptide. This C=0O stretching mode of amide I

corresponds to the 1668 cm™! band in the Raman spectrum®6-68

and shows enhanced intensity when
the polarization axis is 90° to the fibril axis (indicated by the blue line in Fig. 5a). This intensity
information can be used to estimate the degree of fiber alignment at a given location in a rat-tail
tendon. Masic et al. modeled intensity data as a cosine function and plotted the approximate fiber
axis (Fig. 5b).?! Fibers were initially aligned at approximately + 30° to the tendon axis (Fig. 5b),

and polarized Raman spectroscopy enabled real-time monitoring of fiber realignment along the

direction of applied tensile load (insets in the stress-strain diagram, Fig. 5¢).?!

13




(b)

—_
o
—

Raman intensity (a.u.)

800 1000 1200 1400 1600
Raman shift(1/cm)

STRESS

STRAIN

Figure 5. Application of polarized Raman spectroscopy to detect orientation of collagen fibers
in a rat-tail tendon in undeformed and deformed states. (a) Raman spectrum of collagen in
tendon in different polarization configurations shows higher intensity in Y'Y polarization (blue,
90 degree) than XX polarization (red, 0 degree). (b) (Left) Optical microscopy image of collagen
region and (center) a corresponding collagen fibril orientation map based on Raman peak
intensity ratio analysis; (right) magnified regions revealing differences in orientation
characterized across the tissue. (¢) Stress-strain response of rat tail tendon under uniaxial tensile
deformation. Inset shows collagen orientation as characterized by Raman peak intensity ratio
analysis with respect to tendon fiber axis. As strain increases, fibers align along the axis of the

tail. Reprinted with permission from ref 21. Copyright © 2011 American Chemical Society

Polarized Raman spectroscopy has also been applied to determine molecular level orientation in
soft biomaterials. For fibrous elastin from the bovine nuchal ligament, Green et al.®® used the

mathematical model developed by Rousseau et al.®! to determine degree of alignment of certain

14



molecular units in elastin. For obtaining information about molecular orientation, the average
values of the Legendre polynomial ( P2 ) and ( P4 ) can be determined by fitting the experimentally
determined polarized Raman intensity of a certain Raman band at different polarization angles.
The second and fourth order parameters, ( P2 ) and ( P4 ), are the first two coefficients of the
Legendre polynomial expansion of the orientation distribution function, and the orientation
distribution can be estimated from these parameters by calculating the most probable orientation
function. Calculations on Legendre polynomial ( P2 ) and ( P4 ) from the polarized intensity ratios
of Raman bands showed that, for strains up to 60%, orientation, B-turns, ordered helix, and
unordered structural components did not re-orient. However, the phenylalanine and tyrosine chain
within the hydrophobic domains (1006 cm™) in ligaments were found to re-orientate closer to the
fiber axis (at 90 degrees) from 39 to 42 degrees, whereas the tyrosine within the cross-linking
regions re-oriented closer to the fiber axis from 35 to 49 degrees. Similarly, by putting the values
of order parameters ( P2 ) and ( P4 ) into the most probable orientation function, Masic et al. 2!
observed a sharpening of the distribution associated with the collagen molecule unit (C=O bond)
during uniaxial tension of the tendon. Again, reorganization at the molecular level in the tissue is
evaluated through a distribution function that is in agreement with tissue level orientation changes,

as shown in Fig. 5¢c. Sereda et al.,*

also used this method for structural characterization of amyloid
aggregation, which plays an important role in a wide variety of human diseases. Based on the most
probable distribution of the peptide carbonyl group orientation in the insulin fibrils, they found

carbonyl groups were well ordered and almost parallel to the fibril axis, diverging only 13+5°

relative to the main axis of the fibrils.

Wang et al.® also used polarized Raman spectroscopy to study polymer orientation at the

molecular level of poly-1-lactic acid (pLLA) under mechanical deformation. pLLA is a commonly

15



used acid for polymer-based bioresorbable scaffolds, e.g. as a resorbable vascular stent?.
However, changes in microstructure with degradation and under mechanical deformation can
result in loss of structural integrity. Therefore, continuous monitoring of its microstructural
organization is important for its clinical performance. Using the 875 cm! band assigned to the C-
COO stretch mode of the polymer backbone, Wang and coworkers?> measured molecular chain
orientation of pLLA relative to the specimen axis. As the polymer becomes preferentially aligned
in one direction, there is stretch of the extended backbone in that direction that results in enhanced
intensity of the incident polarized light in that same direction. They found Ig;5 became stronger
and this intensity was normalized to that of the 1452 cm™! band (bending mode of CH3) which was
used as an internal standard before structural degradation. The Raman spectra of pLLA sheets
before deformation and after being uniaxial stretched up to 100% strain, are shown in Fig. 6b and
6d, respectively. The intensity ratio of Ig;5/l145, was higher along the XX polarization

configuration after being stretched compared to that before stretched as shown in Fig. 6¢. This

implies that molecular chains in pLLA are now aligned more toward the stretching direction.
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Figure 6. (a) Poly-l-lactic acid (pLLA) molecular chain axis (mc axis) and an image of the pLLA

sheet before and after stretching. (b and d) Raman spectra of pLLA sheet before and after stretching

for two polarization configurations (XX and YY). (c) Changes in intensity ratio of Ig;5/l145,

before stretching and after stretching shows that the intensity ratio at the XX polarization

configuration becomes higher after being stretched in the X direction. “Strain-Induced Accelerated

Asymmetric Spatial Degradation of Polymeric Vascular Scaffolds” by Wang et al.® is licensed by

under PNAS license.

2.3 Raman spectroscopy for quantifying secondary structure in soft biomaterials

17



Protein in biological tissues assembles into primary, secondary and tertiary structures. For
example, in fibrin proteins, the primary structure refers to a sequence of amino acids in a peptide
chain. The peptide chains are held together by hydrogen bonds to form a secondary structure that
can take several forms, such as a-helix, B-sheet, B-turn, and random coil. These secondary
structures can further group together to form a tertiary structure in 3-dimensional folding patterns.
URS can be used to differentiate various forms of the secondary structure because each secondary
structure corresponds to a different Raman band. The presence of a specific secondary structure of
a protein can be quantified by calculating the area under the respective bands in the Raman
spectrum. For example, LIRS reveals that the secondary structure in fibrin hydrogels changes from
a-helix to B-sheet upon mechanical deformation.”® A broad amide I band in the Raman spectrum
of fibrin was decomposed to different sub-bands with each representing certain secondary
structure, such as a-helix, random coil and B-sheet. The relative volumes of secondary structures
in fibrin are quantified by the area fraction of each sub-band relative to the total area of Amide I
band. Fleissner et al.,”! found that while the fraction of random coils remained the same, o helix
content decreased and the fraction of § sheets increased when fibrin hydrogels underwent uniaxial
tension. For up to 110% applied strain, the observed decrease in a helix content was the same as
the observed increase in the quantity of B sheets, confirming the phase transition from a- helices
to B-sheets in fibrin under tension. Further, the polarized Raman spectroscopy measurements
reveal that the o helix band and the  sheet band remain isotropic in the virgin undeformed state
but become anisotropic after deformation. B sheets tend to distribute in the direction 80 degrees to
loading while o-helices mostly distribute along the loading direction, which can indicate the

direction of the applied load. Hence, uRS on such secondary structures that respond to deformation

18



can further help in understanding of spatial heterogeneity and distributions of different

microstructures in fibrin gels.

2.4 Deformation-sensitive Raman spectral features for soft biomaterials

The examples provided thus far highlight salient Raman spectral features that have been used to
decipher changes in the microstructure of biological tissues when subjected to mechanical
deformation. Taken together, biomaterial studies by uRS have identified specific spectral features
that are sensitive to vibrational changes in certain functional groups when mechanical
deformations are applied and can be grouped by corresponding mechanisms (Fig. 9). For example,
certain amides show sensitivity to applied stress through a wave number change (peak shift) while
others show only an intensity change under mechanical deformation. Thus, the anticipated
concentration of relevant components in a soft biomaterial of interest, along with an estimate of
its macroscale modulus, will inform which specific Raman spectral features are likely to yield the
most helpful information and can guide experimental design using pRS for soft biomaterial

7291 of Raman bands information

characterization under mechanical deformation. Further details
and their application for studying the responses of biomaterials under mechanical deformation are

provided in Table S1 (supporting information).
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Figure 8. Raman bands in four protein-rich biostructures show different spectroscopic changes

under mechanical deformation as demonstrated throughout the literature,?!-2330-32-34.36,37,58,60,71,89.91

3. CONLUSION AND FUTURE PERSPECTIVES

Although shifts in peak position are associated with piezo-spectroscopy of hard biomaterials,
detectable peak shifts are not seen when Raman spectroscopy is applied to soft biomaterials. This
review summarizes other Raman features that characterize microstructural changes within soft
biomaterials under mechanical deformation. Specifically, intensity ratio of a given Raman band
under different polarization orientations and intensity changes in the relevant peaks of secondary
structure can be used to quantify microstructural evolution of soft biomaterials under deformation.
Through calibration experiments, the quantity or the degree of alignment of microstructural

components can be further correlated to strain or stress state of the biomaterial. Hence, by using
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URS coupled with an in situ mechanical loading apparatus, one can determine real-time, local

changes in the mechanics of soft biomaterials non-destructively.

URS thus offers the potential to characterize changes in local microstructure and quantify changes
in living biomaterials due to applied mechanical deformation. Characterizing the mechanical
response of soft tissues is important for understanding basic cellular function. Being able to
monitor this response over time is critical to the field of regenerative medicine. In regenerative
tissue engineering, most constructs undergo in vitro “maturation” while cells rearrange the
microstructure, deposit additional matrix proteins, and differentiate into new cell types in an
attempt to generate functional tissue. Due to its high spatial resolution, non-invasive monitoring,
and minimal specimen preparation, Raman spectroscopy has been a valuable technique for
assessment of tissue-engineered constructs.”>* For instance, Raman spectroscopy has been used
to characterize the biomolecule distributions in the tissue-engineered articular cartilage® and to
determine the viability of cells within oral mucosa-equivalent constructs.”> However, few Raman
spectroscopy studies have focused on changes in the mechanical response of tissue constructs,
despite mechanical performance being a critical target. The mechanical response of engineered
materials should mimic that of the human tissues they are aiming to replace, otherwise implants
will fail. For example, tissue-engineered blood vessels often burst under normal physiological

96,97

pressures,”®®” which hinders clinical translation.”®

In addition, biological cells used in tissue engineering are not passive filler materials but are 10-
to-100 micrometer size elements that actively alter their surrounding matrix by contraction.
Though small, traction forces at pico- or nano-Newtons per cell induce local deformation and
residual stress on the matrix scaffold, so the effect of cell contraction can be large when

compounded across centimeter-scale constructs. To accurately monitor the evolution of
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mechanical properties in scaffolds due to cell contractility, a non-destructive, high-resolution tool
like Raman spectroscopy offers substantial value over traditional techniques like traction force
microscopy or fluorescing force probes that require introduction of additional materials.®
However, the determination of such stress magnitude in soft biomaterials is non-trivial due to
negligible peak shifts if only piezo-spectroscopy is adopted. uRS techniques that quantify changes
in microstructural components and alignment need to be coupled to robust computational methods
that predict stresses within scaffold structures. These approaches need to employ sophisticated
constitutive models that account for stress distribution within hierarchical scaffold networks, e.g.,

cells, fibers and matrix components. '

Raman spectroscopy offers numerous advantages while characterizing biological tissues. It has the
potential to determine not only biochemical organization but also mechanical organization of
tissue constructs, e.g., organization of collagen fibers in rat tail tendon as shown in Fig. 5. Raman
spectroscopic analysis can be performed in sifu and does not require extensive sample preparation.
It does not require contact with the sample as in atomic force microscopy, nanoindentation, and
macroscale tensile testing. In addition, Raman spectroscopy affords non-invasive, label-free and
real-time imaging of cell-laden scaffolds under normal physiological conditions in a way that many
current imaging techniques cannot.!! However, broad application of Raman spectroscopy to

tissue-engineered scaffolds has limitations warranting further development.

One critical issue is the time it takes to acquire data. In conventional Raman spectroscopic analysis,
the scanning time would be simply increased to ensure the quality of spectra. However, this is not
always desirable for living biomaterials because the laser may heat the sample and cause
unwarranted damage or changes in the cellular structure. Since Raman spectra are also prone to

noise, reducing the noise to a level amenable with short acquisition time can be one way to deal
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with negative side effects of long scan times. This may require use of noise reduction to enhance
signal to noise ratio.!’! These methods include but are not limited to substrate selection such as

1,102

nanomaterials and photonic structures to enhance the Raman signa increasing detector gain to

103 choosing non-linear optics to enhance Raman signal'% and using fibre-

obtain sufficient signals,
optic Raman probes.!* Another way to reduce scan time is by decreasing the total acquisition
numbers or increasing the spatial scanning speed such that the total measured time for imaging a
large area is reduced. The methods include but are not limited to choosing multimodal

107

integration,!®® selective-sampling,'° and projecting a laser line!'%” or a multifocal scan!% to obtain

multiple spectra simultaneously.

Another common problem is the ambiguous interpretation of structural constituents when the

spectra do not contain sharp peaks!®

. A broad band may contain substantial overlap of several
peaks due to complex mixtures of constituents and spatial heterogeneity in soft biomaterials. These
complexities demand new data analysis techniques for soft biomaterials. In recent years,
multivariate approaches have emerged as a potential tool to analyze the data for complex biological
materials.!'*!!3 A multivariate data set includes two variables referring to wavenumber and
intensity. Each variable is treated as a dimension and thus multivariate matrix is used. As the
Raman peak intensities change with each acquisition in time, location or other status (e.g.,
mechanical deformation), the analysis will reduce the number of dimensions and structures the
data set in a way that clusters similar spectra and enhances the variance between different spectra.
One such statistical method is principal component analysis (PCA) which is used to separate
spectra based on the greatest variance with no a priori knowledge''*. PCA has been used, often in

combination with other statistical tools (e.g., various weighting methods), to discriminate between

different biological samples!!>!'®, While it is difficult to assign every spectral peak to individual
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molecular species due to the complexity inherent to biological systems, use of biological

117-119

databases of Raman spectra coupled with systematic data analysis'?° could support further

application of Raman to living biomaterials. Furthermore, the multivariate analysis can classify
whether a sample belongs to a given group or not (e.g., whether it is healthy or diseased).!?!!12?
The results are reliable if the accuracy, sensitivity or specificity of the above classification meets
a minimum threshold. For example, in clinical applications, the minimum threshold is usually set
at 75%.12> The classification procedure is iterative, and the user can go back and change the
variables or the thresholds until convergence is achieved. First, the experimental dataset is split
into two subsets- training set and testing set at a predetermined ratio (e.g., 80% to 20%). The mean
and variance of the selected variables (e.g., peak positions) for each group is calculated in the
training set and each data point in the testing set is assigned to the group based on proximity to the
group mean normalized by the group variance. The testing set is then followed by a validation
procedure to inform the accuracy of the assignment and assess the predictive classification ability.

Thus, the confidence in the assignment is enhanced by acquiring a large data set which includes

all the possible features of the sample space.

In summary, in addition to the Raman spectral peak sensitivity of biomaterials under mechanical
loading to their modulus, we have described Raman sensitive features to microstructural changes
in soft biomaterials under mechanical deformation: (i) polarized intensity change associated with
alignment and (ii) intensity change associated with the quantity of secondary structures. However,
these sensitivities of Raman bands do not shed light on the stress level induced in these
biostructures. New analytical techniques, constitutive models, and computational models are

needed to build the correlation between microstructural changes and stress or mechanical
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properties of scaffolds so as to fully utilize the potential of Raman technique for non-invasive

monitoring of the engineered tissue constructs.
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