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Abstract. Using Raman microspectroscopy, we have studied mineral
deposition on bovine pericardia, fixed according to three different
protocols and either implanted subcutaneously or not implanted (con-
trols). A lightly carbonated apatitic phosphate mineral, similar to that
found in bone tissue, was deposited on the surface of a
glutaraldehyde-fixed, implanted pericardium. Implanted pericardia
fixed in glutaraldehyde followed by treatment in either an 80% etha-
nol or a 5% octanol/40% ethanol solution did not mineralize on im-
plantation. Collagen secondary structure changes were observed on
glutaraldehyde fixation by monitoring the center of gravity of the
amide | envelope. It is proposed that the decrease in the amide |
center of gravity frequency for the glutaraldehyde-fixed tissue com-
pared to the nonfixed tissue is due to an increase in nonreducible
collagen cross-links (1660 cm™) and a decrease in reducible cross-
links (1690 cm™). The amide | center of gravity in the glutaraldehyde/
ethanol-fixed pericardium was higher than the glutaraldehyde-fixed
tissue center of gravity. This increase in center of gravity could possi-
bly be due to a decrease in hydrogen bonding within the collagen

fibrils following the ethanol pretreatment. In addition, we found a
secondary structure change to the pericardial collagen after implanta-
tion: an increase in the frequency of the center of gravity of amide | is

indicative of an increase in cross-links. © 2003 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.1559729]
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1 Introduction fixation also prevents the tissue from maintaining a low ionic

Use of animal tissues, typically porcine aortic valves or bo- calcium content:?
vine pericardium, for replacement of defective or damaged Researchers have tried many fixation techniques to prevent
heart valves in humans is an established surgical procedure. IrfiSSue mineralization. Vavahare and coworkers and Lee and
preparation for heart valve replacement in humans, the tissuescolleagues have shown that fixation with glutaraldehyde fol-
are typically fixed to maintain elasticity and mechanical prop- lowed by ethanol provides the implants with adequate elastic-
erties once implanteith vivo.! Glutaraldehyde treatment is the ity as well as a resistance to calcificatitr?. Ethanol treat-
most common method used to fix the replacement tissues. ment removes lipids from the tissue while also decreasing the
Unfortunately, glutaraldehyde fixation also results in in- Water content in the tissue on rehydratioBoth of these ef-
creased calcification of the tissugsvivo, leading to failure ~ fects have been suggested as mechanisms for the prevention
and the need for replacement. of calcification by ethanol treatment, but the exact mecha-
The addition of glutaraldehyde to tissue creates cross-links nisms that prevent mineralization are still not well
by rapidly reacting with the amine groups of lysine and hy- understood:**>"#
droxylysine amino acids in the collagen triple helix to forma  Raman and Fourier-transform infrare(FTIR) spec-
relatively unstable Schiff base intermediate. Further reaction troscopies are now extensively used to study mineralized
with other glutaraldehyde molecules results in a variety of tissue$™"as well as soft tissués®*®?‘pecause they provide
cross-links, some of which contain glutaraldehyde polymers information on mineral structure and changes in protein sec-
or pendant glutaraldehyde group$he presence of the extra  ondary structure. Raman spectroscopy is especially useful in
glutaraldehyde groups, which can leach out either with time the study of hydrated tissue specimens, because the relatively
or with cross-link degradation, can result in increased weak water spectrum does not obscure the rest of the spec-
cytotoxicity.® Consequently, as the tissue encounters cells trum. Raman spectroscopy is nondestructive and specimens

during implantation, it causes the cells to lyse, and their con- can be used for other analyses after spectroscopic analysis.
tents provide the precursors for mineral formation and depo-

sition. Mineralization is also thought to occur because the 1083-3668/2003/$15.00 © 2003 SPIE
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The major protein component in pericardia is type 1 then transferred to either 80% ethanol buffered HERES
collagen?® Collagen has many bands in its Raman spectrum: mM) solution for three days prior to analysis or implantation,
the most prominent collagen bands are the amide stretchesor to 5% octanol/40% ethanol buffered HEPE® mM) so-
(amide 1ll, C-N-H stretch, 1244 and 1270 ch amide |, lution for three days prior to analysis or implantation.
C-C-N stretch, 1662 cit) and theCH, wag (1447 cm'1).28
Protein C-C backbone stretches are observed at 814 and 932.2 Rat Subcutaneous Implantation

cm™, and the ring stretches of prolir®18 cm*), hydrox- The rat subcutaneous model for assessment of tissue calcifi-
yproline (853 and ?g%cml)- and phenylalanin€1000 cm?) cation has been described previouSlyBriefly, 1.5-cnf

are also presedt:*>*’ Changes in the collagen secondary samples of tissue were implanted subcutaneously in three-
structure are most notably manifested as change_s i_n the amidgyeek-old Sprague-Dawley rats. After 60 days of implantation,

| band contour(1650 to 1680 cm'). Wang, Galiotis, and  the rats were euthanized and the tissue specimens withdrawn
Bader have shown that the amide | band shifts to higher fre- 5,4 immediately placed in formalin. Calcium and phosphorus

quenmesswhen_ the collagen from a tendon is axially |eyels in the tissues were determined by elemental analysis.
stretched” Morris and colleagues have also demonstrated pistological sections were prepared, stained with von Kossa’s
that stretched and damaged collagen exhibits high-frequencystain for phosphate, and evaluated for mineral content. Speci-

shoulders on the amide | baftiLazarev, Grishkovsky, and  mens were also subjected to differential scanning calorimetry
Khromova have shown that the collagen band has an in- 304 Raman spectroscopy studies.

creased intensity ratio of the 1630/1660 ¢nband frequen-
cies with denaturation, and that with dehydration, the amide | 3 3 Flemental Analysis
components shift to higher frequenci@sPaschalis and col-
leagues, using FTIR spectroscopy, found that the amide | en-
velope for collagen with nonreducible and reducible cross-
links contains vibrational bands near 1660 and 1690 'tm
respectively’ In Raman spectroscopy, changes are also evi-
dent in the amide 11l band envelop&240 to 1280 cm?), but
are not as pronounced as those in the amide | region.
Raman spectroscopy is used to examine the effects of fixa-
tion and alcohol treatments on the bovine pericardium col-
lagen secondary structure to better understand the mechanis
for the prevention of mineralization and to identify the com-
position of the mineral deposited as a result of subcutaneous

Retrieved implanted tissue specimens were digested in con-
centrated HCI and analyzed by inductively couple plasma/
atomic emission spectroscopy. The group of implanted
glutaraldehyde-fixed pericardia averaged 25®82.5 mg/g

Ca, 130.339.9 mg/g P, and a von Kossa score of @b a
scale of 0 to §, indicating extensive mineralization. The av-
erage for the glutaraldehyde/ethanol-fixed, implanted pericar-
dia and the glutaraldehyde/octanol/ethanol-fixed, implanted
n;?ericardia were 3F%1.2 mg/g and 30.569.6 mg/g Ca, re-
spectively, 0.6:0.0 mg/g and 15.636.4 mg/g P, respectively,
and von Kossa scores of 0.7 and 1t mineral detected
Specimens chosen for Raman spectroscopy were representa-

implantation. tive of the average for each respective group.
2 Experimental 2.4 Differential Scanning Calorimetry
2.1 Specimen Preparation All tissues were hydrated in PBS for 24 hours prior to differ-

Fresh bovine pericardia were obtained from an abattoir. Ex- €ntial scanning calorimetry analyses. The fresh pericardium
traneous fat or muscle was removed and sections with heavystored in the HSHS solution had a shrink temperature of
vasculature or attached ligaments were discarded. The fresH1.8°C. The glutaraldehyde-, glutaraldehyde/ethanol- and the

tissue was stored in chilled phosphate buffered saR®S, glutaraldehyde/octanol/ethanol-fixed, nonimplanted tissues
pH 7.4 until the time of treatment with HSH®proprietary ~ had shrink temperatures of 88.4, 87.4, and 86.4°C, respec-
storage solution, Sulzer Carbomedics, Incorporatgidtaral- tively. All fixed tissues had higher shrink temperatures than
dehyde, ethanol, or octanol. the fresh tissue, indicative of an increased number of cross-
links in the fixed tissues. The postglutaraldehyde treatments
2.1.1  HSHS storage (fresh tissues) did not result in significant changes in the shrink temperature.

One group of bovine pericardium specimens was stored in 2 R
HSHS until use. Prior to analysis or implantation, the tissue > . aman SpeCtrOSC?py i )

was placed in chilled PBSpH 7.4 for a minimum of 24 Specimens representative of the various treatment production
hours. The HSHS-stored and PBS-rehydrated tissues servedtS Were chosen for Raman spectroscopic analysis. One
as controls for the other fixation techniques, because HSHSSPecimen representative of each group was chosen for Raman

tissues behave as fresh. nonfixed tissues. spectroscopy. All specimens were placed in two consecutive
1-h immersions of PBS and then soaked in PBS overnight
2.1.2  Glutaraldehyde fixation before spectroscopic analysis. Three nonimplanted specimens

. . ) . were examined: a fresh pericardium, a glutaraldehyde-fixed
Fresh bovine pericardia stored in PBS were transferred t0 ayqricardium, and a glutaraldehyde/ethanol-fixed pericardium.
buffered §0Iutlpn of 0.25% glutaraldehyde for one week prior 1,.ca implanted specimens were also examined: a
to analysis or implantation. glutaraldehyde-fixed pericardium, a glutaraldehyde/ethanol-
fixed pericardium, and a glutaraldehyde/octanol/ethanol-fixed
2.1.3 Ethanol and octanol/ethanol treatment pericardium. Raman transectines of point spectrawere
The ethanol- and octanol/ethanol-treated bovine pericardiaacquired on the smooth areas of the bovine pericardium. The
were first fixed with glutaraldehyde as described before and instrument design has been described previotisBriefly, a
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785-nm diode lase{SDL, Incorporated, San Jose, California, 5538872
80 mW at specimenwas used as the excitation source. The
laser light was focused to a 1/&m spot on the specimen
using a 1x/0.50 NA objective(Zeiss, Fluar Series, Thorn-
wood, New York mounted on a BH-2 microscope frame
(Olympus, Incorporated, Melville, New Yoyk The Raman
scatter was focused into a near infrared-optimized axial trans-
missive spectrograptKaiser Optical Systems, Incorporated,
Holospec f/1.8i fitted with a 25um slit (3 to 4 cm * spectral
resolution and dispersed onto either a liquid nitrogen-cooled,
back-thinned charge-coupled devi¢ECD) camera(Roper
Scientific, MASD, San Diego, Californjeor else a thermo-
electrically cooled, back-thinned, deep-depletion canfara

dor Technology, Belfast, IrelandA motorized motion stage
(New England Affiliated Technologies, NEAT, Danaher Pre-
cision Systems, Salem, New Hampshimngoved the specimen

at 5-um increments under the laser spot to providedn-
spatial resolution. The transects ranged in length from 500 to 8514674

750 m. 1 1 1 1 1 1 1 L 1 irdd
M 800 1000 1200 1400 1600 1800

2.6 Data Analysis Raman Shift (crm)
Data were processed using MATLAB softwat®ath-

9188335

9
124181264

Relative Intensity

. . . Fig. 1 Raw, single-point Raman spectra reveal the presence of an apa-
Works, Incorporated, Natick, Massachusetta both vendor titic lattice in the glutaraldehyde-fixed, implanted specimen. (a) The

provided and locally written scripts. Data were preprocessed g|iaraldehyde-fixed, nonimplanted specimen has a collagen-
by removing cosmic ray spikésypically 1 or 2 per spectruin dominated spectrum (C-C backbone stretches, 814 and 935 cm™;
and by subtracting the dark current. For factor analyses, thehydroxyproline, 853 and 872 cm™; proline, 918 cm™'; phenylalanine,
datasets were divided into two spectral subregions. The factor 1000 cm™'; phosphate (nonapatitic), 1031 cm™'; amide I1l, 1242 and
analysis consisted of a principal components analysis fol- 1272 cm'; CH, wag, 1447 cm™; and amide I, 1635 and 1660 cm™).
lowed by manual rotation of only the nonnoise eigenvectors '») The glutaraldehyde-fixed, implanted specimen has formed an apa-

. o ; titic phosphate (v;, 959 cm™) on the collagen matrix [same assign-
usmg. non.nEQatIVIty a}nd ,band Shapes. QS constr%ﬁfsThe ments as for (a)]. Changes in the amide | envelope are highlighted in
resulting linear combinations of the original eigenvectors are the boxed area. Spectra have been offset for clarity.
referred to as factors; each factor describes the spectral signa-
ture of a particular tissue component or a background compo-
nent. Each factor has a corresponding score. The score deComparison of the amide | regions of the glutaraldehyde-
scribes the location and relative amount of that factor in the fixed, nonimplanted pericardium spectrum and the
original dataset. glutaraldehyde-fixed, implanted pericardium spectrum shows

Center-of-gravity calculations were also used to examine that there is a change in the collagen struciiig. 1, boxed
the pericardia spectra. The advantage of using center-of-areg. The nonimplanted specimen spectrum has an amide |
gravity measurements to examine changes in the amide | bandenvelope with two readily visible bands at 1635 and 1660
is that they probe small changes in the overall band contour cm . However, in the implanted specimen, the ratio of the
rather than just changes in the peak maximum. Prior to cal- 1635 to the 1662 cit intensity has decreased. A slight shoul-
culating the center of gravity of the amide | band, the amide | der on the 1690 cit side of the implanted specimen is also
region was baselined using a quadratic baseline and then off-present. Similar results were seen in the spectra of tissues
set to zero. The center of gravity of the amide | envelope treated with the other fixation techniques.

(1580 to 1700 cmt) was then calculated using E():
3.2 Factor Analysis

2 I XX
0OG= ST (1) 3.2.1 Nonimplanted specimens
) ) ) o Individual factor analyses for the transects of the nonim-
where | is the intensity at any wavenumbes within the planted specimens showed the presence of only two factors
amide | band envelopé:* for each of the specimens: a collagenous protein and a back-
ground factor. No factor containing any mineral spectral sig-
3 Results natures was found.

3.1 Raman Spectra

The Raman spectra revealed the presence of an apatiti
phosphate, similar to early deposited mineral in bone ti¢%ue, The factor analysis of the glutaraldehyde-fixed and implanted
in the implanted glutaraldehyde-fixed pericardiffig. 1(b)]. specimen transect revealed the presence of four nonnoise fac-
The spectra from the rest of the implanted and nonimplanted tors: a carbonate-containing apatitic phosphate mineral factor
pericardia contained only a collagen-dominated protein signa- [Fig. 2(b), PO; »,959cm?, PQ; v31030cm?, and
ture. A representative single-point spectrum from the nonim- CO§‘ v11070cm Y], a collagenous protein signatuf€ig.
planted glutaraldehyde-fixed specimen is shown in Figl.1  2(a), amide I, 1242 cm*; CH, wag, 1447 cm®; and amide

3-2.2  Implanted specimens
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Fig. 2 Tissue factors and scores from the glutaraldehyde-fixed, implanted specimen reveal that mineral deposition was uneven over the surface of
the pericardium. (a) The proteinaceous factor is mostly composed of collagen, while (b) the mineral factor contains bands from an apatitic
phosphate lattice (»;, 959 cm™) with a slight amount of carbonate (v;, 1070 cm™). A score relates the amount of its corresponding factor at each
point. Two nonnoise background factors were omitted for clarity.

I, 1664 cm!], and two background factofsiot shown. The fixation followed by either 80% ethanol or 40% ethanol/5%
score, which describes the relative amount and location of a octanol treatment prevented mineralization during the 60 days
factor along the transect, shows that the relative amount of of implantation. These results are consistent with the findings
collagen was fairly evefiFig. 2, score(a)], but the mineral of previous studies that glutaraldehyde-fixed tissues will cal-
score shows an appreciable increase in mineral content aftercify once placedn vivo, while those cross-linked by glutaral-
160 um along the transe¢fig. 2, scorgb)]. While the min- dehyde and treated with ethanol mixtufes50%) do not*~°

eral deposition was irregular along the transect, no evidence

for chemical changes in the collagen or the mineral was

found. Separate factor analyses of the glutaraldehyde/ethanol- 1660
and the glutaraldehyde/octanol/ethanol-fixed implanted speci-

men transects revealed the presence of three nonnoise factors = 1gs5-
for each of the specimens. The only nonbackground factor
was a collagenous protein; no mineral was found.

1650~

3.3 Center-of-Gravity Calculations

Center-of-gravity calculations revealed that there was a slight
difference in the contour of the amide | envelope of the non-
implanted pericardia. The fresh and the glutaraldehyde/
ethanol-fixed specimens have similar center of gravities,
while the glutaraldehyde-fixed pericardium tissue has a center
of gravity at a lower frequenc{Fig. 3). There was little dif-
ference in the amide | envelope center of gravity within the
implanted pericardia; however, the implanted tissue and the
nonimplanted have center of gravities that differ by about 10
cmt (Fig. 3. 1625

1645

16407

16357

Center-of-gravity (Raman Shift [crr

1630~

V777

W

. =

I'V/////////////“

4 Discussion

Fresh,
Mon-impl st
Glut.,
MNondmplant
Mon-Implant
Glut.,
Im plart
Implant

4.1 Mineralization

The glutaraldehyde-fixed specimen was the only fixed pericar-
dium specimen that mineralized on implantation. A lightly

carbonated apatitic mineral, similar to that found in bone tis-
sue, was deposited unevenly on the surface of the pericar- Fixation Technique, Implant Status
dium. The uneven mineral deposition could be due to local .. ) . .
. e . . _Fig. 3 Center-of-gravity measurements for the nonimplanted and im-
IrreQUIarltle$ in the tissue or changes in the collagen structl_J_re, planted specimens. The amide | center-of-gravity measurements are
further studies are needed to better elucidate the compositionhigher for the implanted specimens than the nonimplanted speci-

and structure of these mineral nucleation sites. Glutaraldehydemens. The statistical uncertainties are equal to one standard deviation.

Glut.JEthanal

Glut JEthanol
Glut JEthanol Octanol

Implant

182 Journal of Biomedical Optics = April 2003 « Vol. 8 No. 2



Effects of Treatment Protocols and Subcutaneous Implantation . . .

Interestingly, using FTIR spectroscopy, Wavahare and co- cross-links could be caused by the fixation of the explanted
workers demonstrated that there was significant calcification tissues in formalina 10% formaldehyde solutionas form-
of porcine aortic valves after treatment with glutaraldehyde aldehyde is also capable of forming cross-links in collagen.
and 40% ethandlIn this work, the pericardium treated with a  The amide | center of gravity of a nonimplanted fresh tissue
40% ethanol/5% octanol mixture showed no evidence of cal- fixed in formalin showed a 5-cit shift to higher frequency

cification. than nonfixed, nonimplanted fresh tissue. The frequency shift
due to formalin fixation alone was not as large as what was
4.2 Amide | Center-of-Gravity Measurements seen in the implanted and formalin-fixed specimef®
. . . cm™ 1), implying that the center-of-gravity frequency shifts be-
4.2.1 .NO”’mP/a”ted specimens—frequency shifts due tween the nonimplanted and implanted tissues were due to
to fixation both formalin fixation and protein secondary structure

The Raman spectra and center-of-gravity calculations showedchanges incurred on implantation. The protein secondary
there was a slight change in the collagen secondary structurestructure changes could be found either in the form of in-
as a result of the glutaraldehyde fixatiGmnimplanted peri- creased number of cross-links due to implantation or in the
cardig compared to the nonimplanted fresh tissue and the form of mechanical deformation due to implantation; we can-
nonimplanted glutaraldehyde/ethanol-fixed tissue. The centernot identify the exact source of the increased center of gravity
of gravity of the glutaraldehyde-fixed, nonimplanted tissue is from this study.

at lower frequency(1637.1+0.8 cmi %) than that of the fresh

and the glutaraldehyde/ethanol-fixed tiss(E840.11.4 and 5 Conclusions

1640.3t1.1 cm?, respectively. Because the differential
scanning calorimetryDSC) data indicates an increase in
cross-linking, it is unlikely that the source of the decreased
center-of-gravity frequency is collagen denaturatiobserved

as a decrease in the 1660 chband and an increase in the
1630 cm?! band®). Therefore, the small decrease in the
center-of-gravity frequency is probably due to a conversion of

reducible to no'nredumbltla cross-lmksﬁfound in the tissue, ob- lagen secondary structure on fixation and implantation of bo-
served as an increase in the 1660 ¢éntomponent of the

. . . . ., vine pericardia. Interestingly, the addition of octa®%) to
amide | band with a corresponding decrease in the reducible o - .
carbonyls found in the tissug 690 cm )17 the ethanol treatmerit0%) has been shown to provide addi

However. nonimplanted alutaraldehvde/ethanol-fixed tis- tional resistance to calcification, in contrast to previous
" P 9 yde >~ studieé that have shown that values treated with 40% ethanol
sue has a higher frequency center of gravity than the nonim-

lanted alutaraldehvde-fixed tissue. A plausible cause for the alone do not resist calcification. It is possible that the octanol
planted g y ) je. Ap T may better extract the lipids from the tissue, thereby inhibiting
shift in the center of gravity to higher frequencies is due to

chanaes in hvdrogen bondina. When the alutaraldehvde- calcification. We have shown in this work that the prevention
-hanges yarog 9- 9 . Y9€- of mineralization in glutaraldehyde-fixed tissues is correlated
fixation is followed by ethanol treatment, the cross-linked tis-

sue is dehvdrated. Lazarev Grishkovskv. and Khromova havewith incomplete rehydration of the tissues and the extraction
shown tha¥ deh d.rated ro,tein amide Iy(’:om onents dramati-Of lipids resulting from the ethanol and ethanol/octanol treat-

. Y _1p . b ments, consistent with other studies of fixed porcine aortic
cally shift (20 to 30 cm*) to an increased frequency due to a

. h valve tissueé7® It is possible that the ethanol and ethanol/
loss of h.ydrog.en bondmﬁ’. On rehyglratlon, glutaraldehyde/ octanol treatments may change the rate at which the glutaral-
ethanol-fixed tissue typically has slightly reduced water con-

tent than before ethanol treatmérBecause there is a reduced dehyde groups incorporated into the collagen cross-links are

water content and therefore less hydrogen bonding within the released from the tissue, decreasing the cytotoxicity and
o ydrog - 9 therefore preventing mineralization. Further studies are
collagen fibrils, we expect to see a slight shift to higher fre-

- ; needed to fully examine the effect of the ethanol and octanol
gquencies for the amide | components. It has been prOposedtreatments on the tissues

that water-ethanol interactions are partially responsible for the

Using Raman spectroscopy, we have identified the mineral
formed on glutaraldehyde-fixed, implanted bovine pericar-
dium as a lightly carbonated apatitic phosphate, similar to that
found in bone tissue. We have demonstrated that
glutaraldehyde-fixed tissues followed by treatment in either
an 80% ethanol or 5% octanol/40% ethanol solutions do not
calcify in vivo. We have also observed a change in the col-

E)r(e\éetr;tion é)f mineralization in the glutaraldehyde/ethanol- Acknowledgments
ed fisstes. M.A.M. and C.P.T. wish to thank the University of Michigan
4.2.2  Implanted specimens—frequency shifts due to Bone Core Research Center through NIH grant AR P30 46024

implantation for financial support.
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