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Aspects of Biothermodynamics (D)

A Thermostatics & Thermodynamics
of Irreversible Processes

B Biofluids (Theory)

C Biofluids (Experiments)

D Protein Adsorption

E Microbioreactors / Bacteria

F Technical Bioreactors
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Protein Adsorption

Thermodynamic Models
Equilibria (PAE), Kinetics
Multicontacts (MCA), Replacement

Aggregation of Proteins (PA)
Solidification

Denaturation of Proteins
Hydratization

Adsorption Induced Defolding Processes (AUP, PAS)

Adsorption Columns with Incomplete Breakthrough (BK)
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‘Adsorption of Proteins (L)

- Enzyme immobilization
- Biosensors, Diagnostics
- Biofouling, Contamination

- Drug targeting,
controlled release

- Downstream processing
Chromatography

Basic Concepts

© f
n
C]c = —
5 V
P
T
(R
Stationary Phase
Sorbent: V= 1l-¢ V,,
Mobile Phase
Sorbate a,ipf : V' =gV
Sorptive epf V'=V -V .
Porosity 0<e<l]
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Protein molar balance

ng=n'+n?
f f

n, :Covo

nf =cV'

Liquid Phase Adsorption

n*=c¢,V, —cV'

Measurement methods (c,,C):

v - Spectroscopy
0 o hf  FEluorescence
T Light scattering
f oo Light absorption
V TNy
o o : : e -
7 - Dielectric permittivity
na’ Ha’ -
- Calorimetry
enthalpy, temperature
1 heat capacity
- Release of ion, atomic groups etc.
by protein upon adsorption
2 — n“=n%c¢,T,m" ...Al 2a
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— Liquid Phase Adsorption Thermodynamics (1)

Adsorbate a ,DoF:2
n, n*, A,m, T
EOS: n=n n* AT 3
A=A m,T
dG® = -S°dT + Adn + p*dn®

Gibbs-Duhem
Adr =n*du’ 4

Sorptive phase f assolute n' |,
In solvent n, ,DoF:3

f
nf,pf:nVRfT:cRT, T 5

Vi=V'n ,n'pT 6
dG' = -S'dT+V'dp+p'dn’
Liquid adsorption equilibria (LAE):
G=G"+G* > Min
T = const,p’ = const
m = const,n{ = const

pt n*,m*, T =p' p T 7
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Liquid Phase Adsorption Thermodynamics (2)

Liquid adsorption equilibria (LAE)

Example Protein solved in water:
Ideal adsorbate Dilute solution
a: nNRT=nA m’ T 3a Ideal fluid phase
(n®) (ph)
4 —pudi=RTInj—| 4a f u" p"\ T =u" p", T +RTIn| =
u —pg LnSJ nop nop kpﬁ
f né
LAE 7 : p*=pn A
Choice of ref. state T = const
uo=p' p*,T
7 n*=K Tc 0" >

KT =nRT/p"



Institute of Fluid- & Thermodynamics

Prof. Dr. sc. techn. Jirgen U. KELLER

University of Siegen "

Protein Adsorption Isotherms (Al)*, N=1

Linear Al Langmuir Al (1916)
f

L ,  h_n. K 4

m® VA m m 1+Kc

q =Kc - Kc

1= % K

Freundlich Al

n af ° c=1/K:q=q,/2 S

—S=|:K t —fj| : a>0 2 _ _

m V Linear representation

_ o K
q = Kc SRERNT: 43

KT

*) Ref.: Keller J.U., Staudt R., Gas Adsorption Equilibria, Springer, 2005

PAES
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Protein Adsorption Isotherms (Al), N>1

Freundlich Al, 1,k=1..N Representation Theorem (JUK)
n. c..Cy, T = 8
n, " i 1 N
{K t—} H -y, ™ 6 A "
m”’ k1 -n T = o i = ak( qk] *
L a; G == 2 % G —||oC
o H 1_yk ik RT k=1 api
k#1 f
= C C; :_'exp(i]
yk — ZCJ ’ k 1 N C|0 RT
j q, =09, f.f,, T
f.=f c..cy,T
Langmuir Al &
« o I
ni _ nioo ] KiCi 7 C = Z Ck , O; =0, (r_]
m m 1+ZK C k 0
Kc ¢x>0,dix¢x >0
X

A= 1+ZK C.
Langmuir: ¢ X =——
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¢ \V4

f
”f\_e T ny,n
H o /mS
p'Zp? | © A
T ° T

na’ “a’ Tca pa’ T

Sorptive Sorbate  Sorbent

Adsorption equilibrium:

Mf pf,T :“a TCa,T 1

Protein Solution EOS

Protein/Water = Ideal gas molecule/Vacuum
Osmotic pressure, dilute solutions

* NRT
pt=y'p =y —— 2
V' n,n,,pT
f
f_ N f
=— ., N=n +n
y n W
if pf,T
fof+ _  f -+
w p,T =p p", T +RTlIn " 3
P

if pf T :pf[l+B T pf +C T pf2 +}

~p' ... dilute solutions 4

Kinetics of Protein Adsorption (N=1), Thermodynamic Model (1)
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Mass Transfer Process (TIP)

- P
\Vi

n' ' : £

— 1o T Ny N nazocAS[u p', T —p? na,T} 7
Hf /ms

O . 1 lea na’-l- :Hf pa’T
p'Zp? | © A
- S T p? ... equiv. equilibrium pressure corresponding to n t
7,34 1 1% =aASRTIn p'/p?
a a a a ~ -
n ' M y 0 p ' T f t * t
26 : 7%t = gASRTIn| 2P
1 n?nd
Adsorption Isotherm / Equilibrium: b 1_ na/n"g‘o
a L i
na = noao T,ms bp a2 5 1 na/na ,
1+bp A% +aARTIn| = — =2 - aARTIN)y' " A
1 ﬂa/noaO T mS 1- n /noo
== 6 o _
P 7h 1- n?/n? n® @ ) ng ... initial adsorption

Kinetics of Protein Adsorption (N=1), Thermodynamic Model (2)
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Protein Solution EOS

o P Proteins/Water = Ideal gas mixture/Vacuum
f Vf Osmotic partial pressures (p}c ), dilute solutions
f T, ny,, N1..nN ) RT
N — " S pf = yfp = yf 2
_-m | i i PR
ul o < V ny,ng.nN T
! A
SR IS yi:F',n:nW+an
k

fo*,f f . +
nia’ “’Ia’ Tcaa T MI p ’ylyN’T HIO p ’T T

. [ v
Sorptive Sorbate  Sorbent +RTIn| f Lp*’yi"'ny’p+’TJ 0t | 3
Adsorption Equilibria i \ : i
f o f o f
wl phyl vl T =p? 28 xp.xT 1 fi = pi {:HZBik % P +} = p;
Kk
i: 1N *
uf = +RTIn yfp™/p* 4

Kinetics of Protein Adsorption (N>1), Thermodynamic Model (3)
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0 Mass Transfer Process (f<>a) (TIP)
— v N
: foox f f
f T, ny, n{...an Ny =A% ay [Hk P.Y1-Yno T —
ni o S k=1
f @ — a _a
pl =yip| ° - o
! ! o T Accompanying adsorption equilibria
a .a _a M XX, T = “fk P YT-YN T 8
ny, Wy, T, T ( \
N ff
' . : YkP
Sorptive Sorbate  Sorbent 748 - A2 = ASRTS O‘iklnk : _ J
Adsorption Isotherm / Equilibria: k=1 YikP )
b.n2 _ . N Ftp t
n®=n T,m® N.IO. ,i=1.N 5 6 :n% t = ASRTY ayln Yk ap/ )
_ 1 N /N
l+ kZ:lbka k=1 bk . Nk K
= a a
a/.a i=1..N 1_2 n /nloo
a 1 n; /nioo a.a i =1 _
b=y "N =YiP 6 a9 _na initial conditi 9
i -y nf;‘/nﬁ‘oo n® 0 =ng ... initial conditions

Kinetics of Protein Adsorption (N>1), Thermodynamic Model (4), ODE

Ref.: Keller. J.U.. Thermodvnamics of Non — Isothermal Coadsorption Processes. Ber. Bunsenaes. 91 (1987). n. 528
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from Aqueous Solution
Protein concentration: C = i

a=3

Wb N IWN WA
M NS W M

Open surfaces

n/n®
A
1
ﬁl
a
1/ a>>1
>
O BC

Single layer
adsorption process
dn® =kjc n°—an dt

Desorption process

dn” =k;n = dt

2a—1

Adsorption equilibria:

dn® =dn”

s B¢
1+af3c

B=2""k;/k;

N C=0n

Multicontact Adsorption of Proteins

N

n, +n,

Half load concentration

an C =

Cyp =

n

2
i<<1
a

Special cases

a=1 :nc =
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Multicontact Adsorption of Proteins from
Agueous Solution

Adsorption Kinetics (Langmuir, Rudzinski)
T dn=dn” —dn"~

. _n
P n=Kk;c n’>—an —k;

C 2a—1
TtN+nNn=C 4

nt =BG g g

W NG I WA 1+a[3(;

MONA WM M

Open surfaces 22t
T =
k; 1+2*'abc

. 1
imzt = — 4

a>  Krabc
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Multicomponent - Multicontact - Adsorption
of Proteins from Aqueous Solut}\on

Protein concentration: C;, = i :
| N, + > N,
Single layer - P
adsorption process
N
dn’ =k’c, (ns —Zaknkj dt

k=1

I=1...N

Desorption process Single contact:

1
dn; =k n, —dt s big;
' I ~a- n. ¢,..Cy, =n
. 2 . R 1+Zbkck
Adsorption equilibria: ”
o - - n.
Opensurfaces dn:’ =dn; , i=1..N a, > —L 0
n
C.
n. c,..c, =n° biC,

n
1+Zak[3kck
k
Bi — 2a_1 ki+/ki_
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Multicomponent - Multicontact - Adsorption
of Proteins from Aqueous Solution

Adsorption Kinetics
dn.=dn; —dn; , i=1..N

p’T!C' k_
n, =kc, n°=> an, - 2aii—1 n,
k
P N
T +n, +Bc Y an, =C,
N k#i
d.
| 247 c.n®
N Ti = — : Ci — BI I
Open surfaces ki 1+a,B,c, 1+ap.c
k'
=8t L
B, =2

ODE, Eigenvalues, Implicit numerical methods
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Equilibria
bc . Ny bc

R e
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e
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\eCvCv(vCvC’(vCvCvCv((vCvCvCvC{v(vC=CvCv(vCvC’(vCvCv(v((vCvCvCvC{(@(((fv”’v’f\””

cn®—ndt .. .
g=n(c)/n

4>

B 10 B=hc

Replacement Adsorption, Langmuir Model (N=1), Equilibria
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q=n(c)/n’°
A
I
\_ 5=0 -
T~ ol .—_’.:
0.7 //,/’ ___________________ —
e 5=0.43
0 | | | | | >
0 2 4 6 8 10 P=bc

Replacement Adsorption, Langmuir Model, Equilibria
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Kinetics of Adsorption Process
n(t,bc=1)/n,

dn=dn™ —dn~ P
kenS=n+[1+ b+d clk™n 0.826 g —
[ ] 0=0.. 5=0.43
( _T_o(i\\ ///
Y/
n t :nOOOL{l_e TkT(’JJ /
LI
0 T T T T >
( _t) 0 1 2 3 4 &t
d=0:ng t :”oo,Otl_e TOJ
_|_ —
LA LS B S ELEN
19 1+ b+dc k™ k™

Replacement Adsorption, Langmuir Model (N=1), Kinetics
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n(t,bc=1)/n, g

0.826

| | | | >

0 1 2 3 4 E=thy

Replacement Adsorption, Langmuir Model, Kinetics
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Equilibria
bc _~.Nhg be
' pS 1+bc

w

TR e
T

4 1+Dbc b
2dc

\\ i Ml
K"‘3»’\\"’3\’\""’\’\’\‘»’»’\K"‘3»’\K"’3\’\""’\’\’\‘»’»’\K"‘3»’\K"’3\’\"’J\’J\‘JJ\K’&&\'\\’“’ v
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il ,',g,;,;,(,g@@@g@;{(@;m,
,',',',','r(mmw,«f~
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.

T
e m 5 “ ,H,

w

e
A

A
A
:::»:»:):»:»c»:»:»:»:»c»:»:»:»:»:=:»:»:»:»:»:»:»:»:»:»:»:»:»:»:»:»:»@:»:»:»:frfr«f""

g=n(c)/n®
A

+

0 e ——
———
—

d=Q

—_—

k*c n®—n dt ..

K n+l"
S
(b/d)=1.63

/,
>

+
—>0,d=—2>0
10 PB=bc

K
4

Replacement Adsorption, Non-linear Model (N=1)
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g=n(c)/n’
A
T
d=0 T
0.7 ==
,/ (b/d)=1.63

) | | | | | >

y : 4 6 8 10 PB=bc

Replacement Adsorption, Non-linear Model (N=1)



Institute of Fluid- & Thermodynamics

Prof. Dr. sc. techn. Jirgen U. KELLER

University of Siegen "

‘Kinetics of Adsorption Process "™

A
_ I
dn=dn™ —dn T
- . .—|dc 0.7 <
k~ben® =n+k ﬂ—ﬂ2+1+bcn Z
S
N 7
//
ro( t) 4
(n ) 1oe 2\ f
nq 1-e °
n t,c=const =N 0 ‘ ‘ ‘ BN
"\ Ny ’CO( t)
P 0 1 2 3 4 &ty
1-M, tig

d=0:ngy t,c=const =N,

2
nooZ d( 2bC)
Ny, =——|-1+,/1+—
s bc 1,2 2 \/ b\1+bc

1+ bc - -

N
|_\
I
D
|
el
N—______
a|;;
[l
Q
H
+
ol
AN
i N
|3
O
N—
N

noo’o =N

Replacement Adsorption, Non-linear Model (N=1), Kinetics
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s

nN; C1,Co
J
1+d21C1 +d22C2

]

.
L\*\n*\*3\*\*\*(*C’\*\*C*(*((*C*GC*(n*C*GC*(*(*\*C’\*(*C*(*C(*C*G(*Cn*C*GC*(*(*C*C’C*\*L*(*\(*(*G(*Ck*\*3\*\*\*C*(’(’(’C’C’({(’Gﬁ’"”* z

o
e
T

.
1+d d 1+%

R '(,;,(@g@(mn@’m
Bk \\’JJ s

4

e

T
e

o
R
.

LY il &
i vC»(v\(*\vC>(v\’C»Cvi’(v\’C»CvC(v\vC»()\(*\vC>(v\’C»Ci(\({((\({(xw“
i »»)»’»’»’»’»’»’»’x’»’»’»’»’>(»(»\»\(((((»’»’»’»’f»’» fii
it
e
it

kic; n°>—n dt ...
k_+|'1C1+|i2C2 nidt 2,3
- , k=12
b:c
C,Cp = S i
1+d101+d2C2

IA

ki o
ki -

nj
n=nq;+n, N
Replacement Adsorption, Langmuir Model (N=2), Equilibria
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_— Coadsorption Equilibria

Example 1 Example 2
y ing L Ning
. +n
1A 1 0 0 nl 2
ng+n8 . Nq ‘l;n’2 ’’’’’ [ .
////// /// n2
P n1+n2 //
e
e // 0
Ve , n2
/ " N/ SR
! 2 / -
f/ I/ ///
// n(z) I/ ,//
/] e /
f Z——- ;
0 \ \ \ \ I > 0 ‘ ‘ ‘ ‘ ‘ >
o1 2 3 4 5oy 0 1 2 3 4 5 ¢,

Replacement Adsorption, Langmuir Model (N=2), Equilibria
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Coadsorption Kinetics Kinetics of Coadsorption Process
with Replacement (1—2)

AXiO = nio { /ns C1= 4C2 A Xi:ni(t)/ns C1= 4C2
1 1
0.833 0.833
X+ X% ] [o 10]
k =
0 00
X1
x1
0 > 0 >
0 03 (1 0 03 @

Replacement Adsorption, Langmuir Model (N=2), Kinetics (1)
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Coadsorption Kinetics

w0 =nd t fn® Cy=4¢;
0.75
4
05
0
X
0.083 :
0 >
0 03 ()

Kinetics of Coadsorption Process
with Replacement (1—2)

A Xi:ni(t)/ns Cl = 4C2

010
d, =
K [0 0]
05

0.233 X1

0 w
0 0.3

Replacement Adsorption, Langmuir Model (N=2), Kinetics (2)
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Equilibria
s bic;g
1+

Ny C1..CN =
D dikck

e

AR
i ),n,)m’,s’f,a’r,’f,ﬁwr,s'rms'f,':r,'f,a',:{r,s',',g);,3(,;,g);,(,(,(,;)(,:(;(,g)(,(,g(,;((,33(,@(,5@,\ i @
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- \\\\v(((é((’((ﬁ\k((’((*GC({WV’*' &
e
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T

T
e
e
-
—_ -

NN
\m(\u\C\*\*»JC*Cx*\*G(*\*\*\*C’\*\*1@(’063((((*@((\x’v” e

kCk

G

ci n°—ndt ..
Lk=1..

.2,

dnj =| kinj+ > liCkn;
S [
7’ Cl.CN =
1N l+Zbka

—~ =
w

k—I—

=—>0
ki i
Mi _
5=

|

n=>n;
Replacement Adsorption, Langmuir Model (N>1), Equilibria
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Kinetics of Adsorption Process

dn, =dn; —dn; , i=1..N / coefficients of replacement
( \
i

kicin® =n; +ki+cin+Lki_ +Z|ﬂ<CkJ n
K

N
- Z n; desorption
i adsorption
N
Z ,ke % +Cig
k=1
1..i-1 | i+1..N )

( e )

Replacement Adsorption, Langmuir Model (N>1), Kinetics

:0—)7Lk :7\’k Cl"'Ci"'CN’Iﬁ( ,k:]....

N
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Protein Aggregation, Thermodynamic Equilibria States
Aggregation Model

p, T o dn® =k* n* c'dt 5
0 dn® =k~ n? " dt 6
o ) OL;E’ cf = nf/V!
o—| 3
(P) L o
Equilibria: b=k*/k~ =b T
V -nb
—n? +nf 5,6 n? = 7
n=n +nf 1 o —b
V=V%+V 2 a _
xd =1 _Vm D 7a
n o-—Db
a a
VZ=on 3 23 nm=n-Vib >0 8
1 o1 f
® =5 Du = = Vinc x2~1-V}i /b >0 8a
vi=vin,n"pT 4 x'=—=vlb<1 o9



University of Siegen "

Institute of Fluid- & Thermodynamics PA2

Prof. Dr. sc. techn. Jirgen U. KELLER

G: nny,p.T;o,b =k /k
U: n?nf vavl v

48 nf=n-V' n,,n-n?pT /b 10
n®=n-Vvin,pT/b>0 10a

a
n n
Xa:_ f

n 4

A ——_ e ———————= e — —

LV
of Aggregation " Pure Fluid

Limiting protein concentration for

aggregation: n® =0

VA ny,.NP, T =nb 11
n=1

11 Vin,n=1pT =b T
an =an P, T,b 12

[nf,v} =mol H,O /mol P

Protein Aggregation, Thermodynamic Equilibria States
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Dynamic Model

dn? = dn®" —dn?"

0

56 dn®= k*ci -k~ n? dt

) o«
n-n Jna ~0 13
V —opn?

(
ODE: n? +Lk‘ —k*

P: nV n,npT ,ok* o=2/3

IC:n% 0 =ng

Implicit numerical methods
Alzheimer's decease?

Protein Aggregation, Kinetic Theory
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) l - Sublimation Model .
o dn®* =k* n? " cfdt 5
04
. s o dn®” =k~ n® dt 6
Vi R 2 f i/ f
—n a=z—, C =n /V
(0] o) 3
Va_ PEsEeeesmeonsononen. b T =k*/k™ =V,exp gy /RT

Equilibria States:

n=n+n 1
V= va .\ 5 56 VI nf,p,T =n'b 7
nf=1
V& =pn? 3 7 Vr; P, T =V; exp qu /RT 7a
f fof
= RT
Vi=vionpT 4 IG; 7a p=—-exp —0y /RT 9
a

Aggregation / Sublimation of Pure Substances
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7 Vi pT =V.exp qu /RT 7a

lim b t =V, ... limiting volume for aggr.
Too

f = v : Sublimation
f =1: Solidification, Freezing

16 VI =RT/p 8
7a,8 p — R:I: e_qav/RT 9
Va

Reference state (Triple state)

— R-I;tr e_qav/RTtr

9 p
tr Va

i
e ron(T)e T @
tr

Example: CO,
M= 44g/mol, p; =5.18bar
T, = 216.5K = -56.6°C

Sublimation enthalpy
EXp: Oav Tir = 23.3kJ/mol
Trouton: q,, Ty =21.5kJ/mol

Limiting gas volume 9tr
V; = 565m3/mol

T=193K: 10 :p=1.07bar
IGA : p=1.20bar
Exp :p =1.00bar

Aggregation / Sublimation of Pure Substances (CO,)
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Dynamic Model

dn? = dn?" —dn?”

o

56 dn?®= k*cl -k~ n? dt

n-n® )

J n =0 11
Vi n—n?pT

(
ODE: n® + Lk‘ ~k*

P: np Tk az2/3

IC:n% 0 =ng

Implicit numerical methods
A. Mersmann, Crystallization

Aggregation / Sublimation, Kinetic Theory
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Hydratization Process of Proteins (Water Intrusion) |
Simple Thermodynamic Formalism

Owf

Stimulus: Chemical potential of water: p=p p,T,...
Response: Adsorption of water on P

A:n=n p,T=const =n,+H, T p-p, +0 2

Number of Adsorption sites: € ... Internal variable!
a) E=E_ =const ... equilibrium : £=&_ @, T = const

—

b) E# & ... variable ... non-equilibrium:

A=AQ,T=const,& PO
Affinity: Measure for non-equ. deviation.

Water:
T,ppy, = ps =p
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Hydratization Process of Proteins (Water Intrusion) I

Thermostatics 1
Free energy of (P, w)-system:

F=F n&T =-SdT+udn-Ad§ , T =const
(OF)
=| — = n,&, T .. Al
“={on),, =¥ S
—A:(%] = —A n¢E, T ...IECS

External & internal or full equilibrium: F— Min, T = const, n = const
AngT =0>&. =& n, T =const

External equilibrium only (restricted equilibrium), T = const:
A=0 ¢ .. arbitrary value
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) Hydratization Process of Proteins (System: P, w(a))

Free Energy, Taylor Series .
FngT =F,+F,n+ chg+5 F,n°+2FnE+F,E° +O 3
Thermodynamic Stability (2" Law): H(?ZF/@H 5%” >0, kR, =F T
—-F,>0, F,F,-F:>0, F,>0

Reference State: Z, n,,1y,$0,A, =0, T
Equations of State:

w= oF/on eT H—Ho=Fy N=ny +F; S-G4 1
-A= oF/oE | -A=F, n-n, +F, £-§, 2

F
Internal Equilibrium: A n,E. T =0, . —§, = —F—“ n-n,
02

F., 1
on Foz o |:121 on

l1:n-n,=H p-p, , H=
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Hydratization Process of Proteins (System: P, w(a))

Thermodynamics of Processes
15 Law: dU=dQ+hdn+0

2" | aw: dS= idU—EdnJrédF,
T T T

dS:ngsdnerSin
T
n=h-Ts PS:Sm:$&20

Eckart-Onsager: A é,:a n&T A+O A’
Equations of State: Ap = F,,An+ F,A& T
-A=F,An+F,A&

Ap t =p-p,>Ant =n-n, , At =£-¢,, A=At ->0!
Stimulus Adsorption Structure Equilibrium

J
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Hydratization Process of Proteins (System: P, w(a))
Stimulus :Apu=pn p, T,... —p,

Adsorption: An=n t —n,
Structure : Af=& t —¢, ... adsorption sites
T, Ap+Ap=E An+t An (Poynting Elastic Relax.)

F2 F2
t'=aF,>0, E=F, - ll>O —LFOZ— )oc>0

T, <1,

Adsorption Process

t
An t :ijds[Au s +1,AL s |e” /s

’CME :

Protein structure / Adsorption sites

1 t . s/
AE 1 :F—{Au—ano J'ds[Au S +1 AlLS ]}e AT
0

11
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‘Denaturation of Proteins, Thermodynamic Analysis, Equilibria

p, T . yG T,p,E

(SO He
D’/@% T

N ... Native (folded) state
D ... Denaturated (unfolded) state
N<«>D Quasichemical reaction (&)

I -
| -

S

G=G T.pny,Np =punINy+HpNp 1
dG =-SdT +Vdp+pupydny +ppdnp 2
Equilib.: G — Min, T = const,

p = const,n = const
dG =0, d°G>0 3

Reaction parameter:
NN =Nno —& ., dny = —d&
Np =Npg +&, dnp = dg
2,3 dG = —MN+MD dE_,zO

— UNTHD 4

Ki = Hio T,p +RTlIn YiXi i:D,N 5

5,4 uno —kpo = RTIN ypXp/vnXN
—~AG=RTInKgq T,p

X
Keg = 'DAD _
VNXN
Ideal solution: yp = yp =1
Real solution: Margules,van Laar ...

~AG/RT 6

e
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Denaturation of Adsorbed Protein by Unfolding, Thermostatic Equ.
Chemical potentials:

P
Vi
n}t T o ult T,mnd,ng =up T,m +RTIn y2x? 2
- m°®
Nw |
M¥ AS Adsorption equilibria of pure components (f,u):
O
f T .
oF; o ud T,Tc:uiprif i=f,u 3
a,a f f)
RS Hu
n?, nﬁ’ “?, “3’ - 1A23 :—-=K Tpf pu _expL J
YuXu
Sorptive Sorbate  Sorbent
(fu): Chemical equilibrium Protein / Water = Ideal gas / Vacuum
G? T,7%nf,ng — Min (pl\
. p,Tg _u,Tp +RTML J 5
T =const, n° = const 1 p*
a__ .a a _ f
n® =nf +n; = const pif:n, . nRT i—fu

1 - “?:“3 1A n V ny,nsng,p T
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Denaturation of Adsorbed Protein by Unfolding, Equilibria (2)

Law of Mass Action

Kfu
2y (o) Enf (e b\ nd/ng, (o ng )
45 HX _g Tt Lp_” 6—>89.aa_LK+b ‘;/“ Ll—n—Jlo
YaXa Ps Yu Ny u/ Ng /Ny, foo
(1 + f ) n=n; +n, = const 11
+ + _ By Lp" —py TP
K=K T,p _expk =T J7
Adsorption Isotherms of pure components (f,u):
.~ 10,11 — n¢, Ny .. Ky, Nigs Nyoo
na =, P f 8 Ideal adsorbate approx.: y& =v2 =1

Calib. exp.: n¢,, Ny,

f
n=n. b 9
0 = Nuw Dy Py 1! Meas. : n?, n? - Ky,
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Adsorption-Induced Unfolding of Proteins, Basic Concepts

n <« n;
f 103" | Measurement Methods
A
I
10m5” l | 1. Enthalpy changes during defolding
100ms ! Intramolecular changes
nf <——> n Multiple adsorption contacts
Changes of heat capacity
Mole Numbers : 2. Spectroscopy
n; ... folded or native state Fluorescence
n ... intermediate or partially Light scattering

unfolded state (molten globule) Light absorption

.. hative state adsorbed 3. Dielctric permittivity

n; ... unfolded or denaturated : :
4. Release of ions or atomic groups

state of adsorbed protein during (f = u)

*) Relax. times for Bovine a-lactalbumin on polystyrene nanospheres (d= 100nm), Engel et al., J. Biol. Chem. 277 (2002), 10922
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Model equations for
Chemical reaction (f < 1)

|
103s” A déﬁ =L Hs — L dt ... TIP 5
10mslT ll
[
[
a
u

Ui =g P T +RTINX;
Wi =pig P, T +RTInx

Adsorption / Desorption (f)

Process equations dng, =K{ n,, —nf —ng cq dt 6
dnf =dgg —dng, 1 dngs = k¢ nf dt

dn; = —d&g —dnj; 2 Adsorption (i)
dnf =dn;, —dn 3 dn, =k n, —nf —ng c;dt 7
dng =dng, +dn;; 4 Unfolding process (f — u)

Nyy - from phase (x) to phase (y) 1 4

dng, = —n¢ dt 8
T

f
Adsorption-Induced Unfolding of Proteinsl,J Langmuir Model:
4 ODE n¢,n{,n.,n; IC.

17U
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Process equations
dnf = —dnfa
dnf = dng, —dn§,

a_ q.a
dnu = dnfu

Model equations (5 — 8):
Protein balance (f)
ne = -ki n, —nf -ng c; +ksnf 9

o0

Protein balance (a)

: _ 1
nf =k{ N, —nf-ng ¢ —kenf ——-nf 10

Tfu

Unfolding process (relaxation process)

: 1
ng = —nf 11

Equ. state: nf =0, n§=n,,n;=n; 0 —n,,

Adsorption-Induced Unfolding of Proteins, Simple
Langmuir Model: 3 ODE n¢,n#,n3 ,Initial Conditions



University of Siegen "

Institute of Fluid- & Thermodynamics
Prof. Dr. sc. techn. Jirgen U. KELLER

~ Adsorption Reactors with Incomplete Breakthrough (1)

V, T

/@——> Ji
Jio __’® > Jg
I @ 3,

Nf, Ni’ Na, NW = const

Molar flows: J, =c,Jdy

Volume flow: Jy,, o = f,i,w

Molarities
Nro N
Cip=—~, Cf =—-
N N
ci=— , C, =—X =const
V V

Molar balances

Nt =Jdio —Jf —Jfa +Jdas —J5i 1

N = Jsi —Jif —J; 2
Na = Jta = Jaf 3
mol I
3= 0, =—
S Vs

BK1



Institute of Fluid- & Thermodynamics BK2

Prof. Dr. sc. techn. Jirgen U. KELLER

University of Siegen "

— Model equationsfor :  Processequations 1-9 : 3ODE

Adsorption / Desorption : N
P P 1:N :—[W ~N, —f—k_N_}—
Jia =K" Ngoo =Ny ¢ 4 v
— kfl ‘JV
‘]af:k Na 5 N2Nf Nf‘l‘N +Nf0_Nf v 11
& K
Mass exchange CSTR 2 N = KN NNy, - SEN N N
Jf — CfJV — VJV 6 J
\ —NivV 12
JI — Ci‘JV — VIJV 7 N
3 :Ny =k N, —-N, ——k™N, 13
: : : V
Chemical reaction f < i
Ji =KeXs 1—X g Initial conditions: t =0, N¢g, Nig, No,
Jit = KieXj 1—Xg 9 Ny = const

Xy =Cf/C=Nf/N,Xi =Ci/C=Ni/N,C=Cf+Ci+CW,N=Nf+Ni+NW

Adsorption Reactors with Incomplete Breakthrough (2)



Institute of Fluid- & Thermodynamics BK3

Prof. Dr. sc. techn. Jirgen U. KELLER

University of Siegen "

Stationary States: N, =0, x=f,i,a Diluted Solutions : N, > N; , N,

K
11 :N; N; +N,, =K¢ Nig—N; N +Nj+N,, 2 14 = Ne=—-Nio <Npo

1+
12 :Nf Nf‘l‘NW _KCNi Ni+NW =

N
2 = f
=KN; Np +N;+N,, 15 > N KNW+KC>O
KN
13 N, =N, —— 16
1+ kN cf _Ne _ K,
+ Cso NfO 1+ K
D: K=—J , K= K
VKj; k™ V
" ct t/Cro
K :_If A
c kf| 17 ——————————————

Adsorption Reactors with Incomplete Breakthrough (3)
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Kinetics: Dilute Solutions Approximation: N, >> N;, N;, N, = const

Special Cases

: N
11 :N; = Ngg — N J—V—{w N, —N, —— .
\Y Vv 1) No Adsorption
N - J N
—k_ Na:l_kfl—f 11a lla . Nf = Nfo —Nf —V—kfl—f
N,, Y Ny,
- N N - N N\ J
12 :Ni:kﬁ—f—kif—l—NiJ—V 12a 12a :Ni:kﬁ—f—kif—l—Ni—V
Ny "Ny 'V Ny Ny, V
- N
13 :N, =k* N, -N, — -k~ N 13a _ . .
a 4 Y/ 2 2) No Chemical Reaction (f <> 1)

Jy

Parameter: N, k*, k™, N¢g, K, Kif, Nyy» Jy/V 112 “N¢ = Neo =Np T -

aoo?

NL-ODE: 3, U:N; t,N; t, N, t —{k* N,, —N, Ny —k‘Na}

: N
13a :Ny =k* N, —N, Vf—k_Na

Adsorption Bioreactors with Incomplete Breakthrough (4)



