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M gtheP fic I Model of C til ge Regener fion vi ;Hydrogel
Honors Thesis: \ ittenberg ©@niversity Dep gt ent of M theP fics

Abstract
Bec use of the I gge nuM ber of individu s W ith ¢ gtil ge probleP s W hether due to

sports injuries or dise ges such g thritis thereis ;M edic ] need for effective ¢ gtil ge

regener fion. To gsist_ ith the developM ent of

v

\d
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cells/the chondrocytes col prise only, ¢ of the ¢ gtil ge voluP ¢_Erggelet et al., ?()()8 ).

Figure = highlights c gtil ge tissue sc ftered _ith chondrocytes. Note th f the

v
chondrocytes ge not in cont gt v ith ¢ ch other but ge dispersed throughout the ECM.
The chondrocytes produce the ECM> _ hich for! s M ost of the non __ ter voluM e in

vt vt
c gtil ge _Lodish etal.- ?()08 )

Figure . C jtil ge Tissue

Figure | sho s c jtil ge tissue. Note ho  the chondrocytes_d g ,spots) e
dispersed throughouvg the ECM. These cells ge ‘f’v‘csponsiblc for building npd P jnt jning
the ECM. _ NCSW REW)

The ECM itselfis P de of t‘(‘ o col ponents: coll gen pd proteoglyc ps.

Appro i gcly‘o ¢p of the dry W cight of ¢ gtil geisP de of coll gen_Erggelet et al.
?008 ). Coll gen for' s long: rope li of structures B deof Mino gidch jns_Lodish et
al. ?()()8 ) Itis these ropes~th f give c gtil geits bility to stretch pd toler fe sheer
forces _Erggelet et al. ?008 ) The coll gen M olecules theM selves ge synthesized on
ribosoM es jt ched to the endopl gM ic reticuluP _ ER)_in the chondrocytes) froP

individu | fino gids Further processing occurs in the ER nd Golgi pp g fus nd

coll gen str pnds_c Jled procoll gen f this point) ge secreted froP the cell
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chondrocyte). Once outside the cell: the str nds cross lin ; for!! ing the coll gen
-~ [N

net_ or
v

hd

.\!_Lodish etal, ?‘()()8 ) Coll gen in the ECM is pictured in Figure 2.

Figure 2 Coll gen nd Proteoglyc pns in ECM

Figure 2 sho s the coll gen nd proteoglyc p str nds th £ coM prise ECM.
The coll genis responsible for the stretching strength of the ¢ gtil ge adis
pictured s the thic o fibrils. The proteoglyc ns v‘hich P int jn ” der
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Figurey Hy Juron g Structure
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Figure’ sho _ s the cheP ic d structure of one unit of hy Juron p
Hy Juron ‘p%ﬂ“ s the sug ; b ¢ bone of the proteoglyc n P olecules.

Nhttp /Mv!vf.glycos & co Mh‘g hy Juron p ht1)
Hy Juron nisP de by pnenzyP¢_HA synth se) in the chondrocyte cell

PePbr pe ndisiPPedi gely tr psported out of the cell. Next the hy Juron p is

At ched_vi &lin.&cr protein) to ggrec n Aggreg n consists of ;core protein
<synthesized on the ER) ft ched to chondroitin sulf fe nd o din sulf te sug g ch jns
<tht e ddedin the Golgi) Aggrec pis then secreted Thus: the fin ] proteoglyc n

structure rese bles ; centipede~ consisting of ;hy Juron n M olecule_ body~) ft ched

to M ultiple core proteins_ legs~)» ¢ ch of ” hich h ye P ultiple sug g groups_ feety).

JLodishetal: 7()()8 ) Figure illustr tes this structure.
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Figure  Proteoglyc n Structure

Figure sho » s ho  proteoglyc ns ge coM posed of hy Juron g core protein: nd
sug g sulf §c‘grougs‘chondroitin sulf ge pnd o din sulf ge). The neg five
ch yges on these P olecules help to dr Jer to the proteoglyc pis.

tong ;usip. cdu/gl‘ oyn 37biochcf“, . /]gcglrc“ Shtf 1)

Over ]I proteoglyc n P olecules h ye ;nuM ber of neg five ch gges on theP»
dtr cting v ter_Lodish et al.» ?008’ JArticul g C gtil ges ?008 ) As ;result eighty
percent of the ¢ gtil ge itself is W der. The pility to dr 4 v derinto the ¢ gtil geis
iP port at for fle st two re sons. First bec se itis filled V‘ith ” der ¢ gtil geis ple

ithst nd col pression forces_Erggelet et al.» » Articul g C til ge» ?008 ). The

v 008

influx of W deris Jso vit ] for the diffusion of
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produce the ggrec n coM plex. Aggrec nthenre cts ith hy luron n to forP the

v

\d

coM plete proteoglyc n unit Figure Yhighlights these biologic ] processes.

Figure » Chondrocyte Production of ECM

Figure sho s the v gious col pounds produced by ;chondrocyte. First
nutrients diffuse into the cell. The cell P es four coM pounds ” ith the nutrients sug g
sulf tes> the core protein coll gen. pnd hyﬁuron &n_processes > 2% nd ). Thesug g
sulf ges ;nd core protein coM bine to for!*  ggrec n_process ¥). Fin lly: hy Jluron n pnd
ggrec pn col bine to for!! the col pleted proteoglyc n_process™).

Challenges in Cartilage Repair:

\ hen c gtil geisd I gC(j‘\Z‘ hether due to injury or dise se) there ge sever ]
obst cles to rep jr. First there is not ;high density of chondrocytes in ¢ gtil ge/P ost of
the ¢ jtil ge is ECM_See Figure ). Anyd ' ge th f destroys chondrocytes e ps
there ge evenfe erof theM toM jnt jn the c gtil ge This is coP pounded by the f gt

vt

the chondrocytes loose their pility to P itotic Jly divide_so fe 4 NS chondrocytes ¢ n be

\d \d

P de) and chondrocytes Jre dy h ye [liPitedn gur ] bility to rep jr defects. Fin [ly:
c gtil gel ¢ o blood vessels so nutrients P ust diffuse to the cells During the initi ]

for!! tion of ¢ gtil ge bloodis ¥ jl ble to the chondrocytes. Ind * ged P pure
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c gtil ge ho » ever blood_w ith the corresponding nutrients etc) isnot s ¥ il ble to

g

Ssist ‘(‘ith rep jr._Erggelet et al 7‘()08 ) As ;result of ¢ gtil gesliPitedn gur ] bility
for he Jling sM Jlinjuries_i.e. ;bulp on the .\pcc) canhe} whilc] Jgerd ' ge i
sports injury: gthritis) ¢ anot
Repair via Hydrogel

Bec wse of the lifited pility of ¢ gtil ge to rep jritselfs P edic ] techniques ge
being developed to f gilit fe this he Jling process. One such technique involves surgic Jly
opening the injury site> injecting hydrogel to fill the ¢ yity: pd then stitching
c gtil gc/tissuc/ctc bg Ntogcthcr_ Erggelet et al., 2()()8 ). Specific Jly: hydrogel consists

of hy luron j seeded _ ith chondrocytes_froP* p extern ] source). Hy Juron g is the

v
b g.\ponc of proteoglyc ns pndis Jso ple to bind v der thus expl jning the gel
consistency of the hydrogel. TheP jnide ;is th f the chondrocytes: deter!* ining

<through sign Jing) th tthey genotin c gtil ge v ill begin to produce ECM. The
hydrogel serves s ;biocoM p tible sc ffold: Nccping the chondrocytes sp gced throughout
the injury site jnd providing soM e initi ] structure frof ” hich ¢ gtil ge ¢ p be built The

c gtil ge is better ble to he ith this sc ffold

dv
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The underlying gsul* ption is th f the M odel represents one cell_chondrocyte)

” hichh s n  ssigneds voluP e of ¢ gtil ge torep jr The injury is considered to be

he led Y‘hcn the cell fills its  gsigned voluP ¢_MI | )_Presul* bly. JI of the other cells

in the injury site h ye filled their voluP es g W ell). This P odel h s four v gi ples

corresponding to P turg_ ]inﬂcd) ECM_M)) in the gsigned volul e P onoM eric
_unlinﬁcd) EMC_Mu) hydrogel_H) and nutrients inside one yer ge cell_Nu).

- &i ples ge no Jized to cert jn reference ounts_i.e the nutrients ge no Jlized

to the P iniP ] surviv ] level so the b seline nutrient J*ountis_ / pything bove  is

used to rep jr the ¢ gtil ge. The linﬂcd I trig on the other h nd is not! Jlized to the

ide ] ECM concentr fion ndso, represents the t gget he Jthy level ) By convention the

nutrients ge st gted £, - the level Y‘hcrc no rep jris occurring In he Jthy ¢ gtil ge Ml
AdH Mu Ind ' gedc gtil ge ho » ever MI® , &dif hydrogel is injected into

>

0"

the defect then H >0 In the P odel pove the initi ] .éic o for the regener fion coM es

frol the nutrient equ tion_Equ @ion“, )/if Mit ,* then the Nu concentr fion incre ges
<the cell sensing it is not in he Jthy ¢ jtil ge Mo » s P ore nutrients into the cell). The

nutrient concentr ion is lo » ered s Mu is produced Mu concentr tion incre ges Y‘hcn

Nuis bove,  _ sseen froP the first ter in Equ fion, ). Next thereis ;cheMic ]

vt
P grigy ML This re ction tet®® ppe gs s thel gt tet? in three of the equ fions

re gtion bet  een the unlin.ecd P triy Mw pnd the hydrogel: H> thus for!! ing ]inﬂcd

<Equ tions 2 %, ). These equ dions Y‘crc nul eric Jly solved using M theP* fic __see

Dbpendi for noteboo N) for tiF CO to ?00. The initi ] conditions wcrc H 0" s Mu
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Problems with Initial Model:

The pove P odel ho » ever is perh ps too siM plistic. One of the ® jn issues is
th £ Il of v zi bles do not correspond to specific biologic | coP ponents. The ECM is
I deof coll gen pd proteoglyc ns pd these ge sep g te coP pounds. The Ml nd Mu
v gi bles group these distinct eleP ents together. Addition Jly- hydrogel is not re Jly ;
specific biologic ] col pound- Jthough the hy Juron p in the hydrogel is. Perh ps
hy Juron p concentr fion ‘(‘OU]d be ;P ore biologic lly gccur ge v si ble. Over lI the
I odel does not re Jly sif'ul e the ctu ] biology th fis occurring _ Though itis ;good
first pproxif tion since the ¢ gtil ge represented by Mk does he ] if hydrogel is
injected.)

The New Model: What should it look like?

In order to P & the P odel P ore biologic [ly relev at ;ne » systeP of equ fions
is needed The ne » P odel should h ye v i ples corresponding to biologic ] coM pounds
involved V‘ith c gtil gerep jr_ s described in the Introduction) including nutrients_Nu)
inside thc‘ccllv including sug g Mino gids etc) coll gen_Cl) proteoglyc ps_X)
hy luron n_H) core protein_P) sulf ted sug g ch jns_S) and the col plex for!* ed
bctv‘ een the core protein nd the sulf ged sug g ch jns_PS)_c lled ggrec n). E chof
these coP pounds pl ys ;unique role in ¢ gtil gerep jr. It is helpful to sep g te the
I odel into these v gi ples so the effects of Jtering coefficients pd initi ] conditions for
e chv si blec pbe gsessed Note th f Hno » represents hy Juron p» not hydrogel g it
did in the ] stP odel. Hy Juron pis n gctu l biologic ] M olecule pd is coincidently the
I in coP ponent in hydrogel. There ge other coM pounds involved v ith the regener fion
process but these ge ssuMed to be the® jn ones Biologic Jly: there ge ssuMed to be

three P jnre ctions involving the v i bles s described under Biological Reactions.

These re gtions ge sul n izedin v i plcs S
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Nu—CIlLH,S, P
P+S—>PS
PS+H->X

Ide Jly> the ne » P odel V‘ou]d dso h ye sof e P ethod for M odeling he Jthy ¢ gtil ge

|
Fin Jly: the P odel should h ye , structur ] threshold The c gtil ge needs soF e

inflictingd ' ge ftifet pndsho » ing ho _ the ¢ til ge responds fter thed ' ge

Pini® 1 P ount of structure in order to be ple to he J_this structure could be fulfilled
by the I ounts of proteoglyc ns coll gen- hy Juron g or soM e coP bin fion thereof).
Above this threshold_sP Il injury or | gger injury V‘ith hydrogel injection) the ¢ gtil ge
should he J but belo » the threshold_1 gge injury without hydrogel injection)- the

c gtil ge should not he J

The New Model: System of Equations

Wsing the bove specific tions the follo » ing P odel w & cre ded .

N1
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ter! the logic of  hich is described pove Equ gion 2_coll gen) incre ges v‘ith h

v

\d

incre ge in nutrients: but is inhibited s coll gen is produced_, Cltef). Equ gion“,
Ny luron p) incre ges v‘ith A incre ge in nutrients: but is inhibited by the forP fion of

proteoglyc ns nd hy Juron p A re gtion terl? bctw een gegrec n_PS) pndhy Juron pn

) rePoves hy Juron pn frol the syste®. Equ fion _core protein) incre ges v‘ith

nutrients- is inhibited by core protein jnd proteoglyc n for fion» nd decre ges by
re gction terf bctw een the core protein jd sug g sulf ges. Equ fion Yfollo » s gsifil x

logic to Equ tion » except_ ith sug g sulf tes inste d of the core protein Equ tion

vt

< £&gree p) incre ges V‘ith are gtion terM bctw een the core protein pd the sug g sulf tes

is inhibited by the forP fion of ggrec pr pnd decre ges by ;re ction ter!! bctw een

hd

gerec n nd hy Juron p Fin lly: equ tion _proteoglyc ps) incre ges V‘ith &€ gtion
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represents ;signific nt injury to the ¢ gtil ge. Gr phic ] solutions of these tv‘ o runs
Pppe fin Figureg .
Figureg D I' ge Inflicted to He Jthy C gtil ge
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Figu.rc8 . sho st o solqtions of thg equ dions hcrg ap £ pdo. » respectively)
& inflicted>on the ¢ gtil ge. The injury occu‘{“s JtiPe | 0 Ad ¢ n be seen by the
~juPp’do nin the coll gen nd proteoglyc nlevels in both gr phs The ¢ gtil ge s

Ddleto rccg‘fcr in the first inst ice 8 ¢ pn be seen by the incre e in proteoglyc n nd
coll gen levels. The proteoglyc ps seeM tol g behind the coll gen. This could be the
result of the p gticul g coefficients th £ e used or the f gt th £ P ore interP edi fes ge
required for the production of the proteoglyc ps in the ! odel. Note in the top gr phth f
the nutrients pd other inter! edi fes Nic ,on~in response to the d I* ge_seen by the
st I buP ps~ fthe bottoM of the gr _ph’f In the second gr ph- the ¢ gtil ge s not
ble to recover_ sc n be seen by the fl £ line £.3 for the coll gen pnd proteoglyc ps).
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Next using the s J* e coefficients nd threshold for recovery: ;series of solutions

” ith v gious

hd

I ounts of injected hy Juron pn_in the for* of hydrogel). Figure sho » S v‘h 4 h ppens

ere deterl ined beginning v‘ith dJ gedc gtil ge_X ndClbelo I ) ”

hd

v‘hcn fulld ! gedc gtil g¢ Cl X 0 ) is injected withO' ‘{ldog hy Juron n_no

hd \d

recovery ad full recovery: respectively). The third plotis ;close up of i e "0 of the

second plot/note the ho » the v gious inte edi ges ge turned on’torep jrthed ' ge
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Figure Fully D J* ged C stil ge ith Hydrogel Injections
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Figure sho sho dJ gedc gtil ge responds__ ith hydrogel injections. In the
first plot .. hy jurgn ol g injected> _ hich is not enougho he ] the ¢ jtil ge in this
inst pce. Thus the hy Juron n_H) level st ys t . ndthe coll gen_Cl) ad
proteoglyc n_X) levels st y £.. Inthe second p Ot’()‘8 hy Juron p is injected This is
enough to he ] the ¢ gtil ge s C n be seen by the incre ge of the coll gen nd
proteoglyc psto  gds, . \» Jious interM edi ges ge Jso produced pndused §c pnbe

n in th 1t hird pl he sub h hen coP e b n

fgczcmt e second pndt plots g the subst nces t gpcﬂ Ad then coP e gﬁdov\‘

Next the proteoglyc n and coll genlevelsinthe d ' ge c gtil ge e st gted
poch_not coMpletely d J* ged). Different }* ounts of hydrogel_hy Juron jp) W Cre

injected nd depending on the tot ]  structure th g W & present the ¢ gtil ge either w S

0 sho S sol e gr phic ] solutions to these runs.

hd

regener fed or st yedd J* ged Figure

In the first plog_in Figure - ) the ¢ gtil geis ple to recover despite the hy Juron pn level

vt
coll gen nd proteoglyc ns present The second ploth g lo » levels of coll gen pnd

only being $0. ~vh hereit_ snot ple torecover in Figure ) bec use there is soM e
hy Juron pn _0.2 ‘{ldo 3 respectively) but is Dle to recover bec pse of the high level of
proteoglyc Ny ) No regener fion is seen in the third plot bec use the structures of

the systeM is not bove the threshold level
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Figurc sho s ho p ati Jlyd J* gedc gtil ge responds to v gious hydrogel
injections. In thc flrs\(‘plot’ the coll gen ‘pd proteoglyc s geiniti Jly £ .2 indic fing
pgtillydp gcd c gtil ge Hy Juron pis 1njcctcd_0 ) adthec gtil gehe lss sca
be seen by the incre e in proteoglyc ns nd coll gcn to ~ gds . In the second plot the
c gtil geisstill p gti Jlyd ‘{1 ged_Cl 0" 2 X 0" ‘g Y hy Juron p is injected.
Despite the f gt th f there is less hy Juron pn present th Pyl 1n thc previous inst yices the
c gtil ge still he s bec dise there ge P ore proteoglyc gls ?2) present initi Jly. In
the third plot the ¢ gtil geisp gti Jlyd I* ged_ClI ?9 but not enough
hy Juron LI ) is injected to proF ote he ding sc ‘{1 bc seen by the fl £ line
corrcspondmg to coll gen pnd proteoglyc ps) §0

Conclusion
Despite the iP* proveM ents in the ne » P odel: there is still V‘or ﬂto be done in
M odeling ¢ gtil ge regener fion. First there ge soM e biologic | questions th g reP jn to
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