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Why polymer chemist(ry) should enter...

Premise of encapsulation:

SEMIPERMEABLE MEMBRANE
made of POLYMERS

e t0 concentrate encapsulated material
e to protect encapsulated material

 to release encapsulated material in a controlled way
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Why polymer chemist(ry) should enter ...

BIOMEDICINE BIOTECHNOLOGY
Immunopr otection specifically catalyzed reactions

& islcts of Langerhans chemistry

L diabetes treatment food technology
pharmaceuticals

cosmetics

Immunocytes glucosg, O,,
nutrients

Reactant A Reactant B

SEMIPERMEABLE | ((e:nEzlyrlﬁeSS)

MEMBRANE I

)L T
1

therapeuts_.
products g
antibodies

o still in development stage

) : : .  already as industrial process
« a lot of involvement (companies, universities)
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Detour #1. pancreas (whole organ) transplantation

USA: Number of organ transplantationsin 2002 (24 544) :
Success rate of pancreas transplantation

Port et al. Am J Transplant 2004, 4 (Suppl.9): 7-12 1996-2001

-
* &

Patients with
Type 1 Diabetes
~ 200 000

O Kidney (14 523) H Pancreas alone (141) 0O Pancreas after kidney (376)
O Kidney+pancreas (902) M Intestine (44) O Liver (5 060)
M Heart (2 111) O Heart+Lung (31) H Lung (1 041)

Problemsin this strategy of diabet
@donors @ major operation
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Detour #2: Cell therapy in diabetes treatment

Method RESIIES Drawbacks
Edmonton protocol

« human ietsto liver portal  * 100 % of patients: physiolo- « cell source (2 donors/1 transplant)
vein (11 000/kg) gical blood glucose level « immune response (allo-, auto-)

« islet isolation protocol In 7 patientswithin 1 year « ? long-term effect of immuno-

e salection of immunosuppre- * follow-ups: Edmonton & tens of SRR TS
ssive drugs PP other groups USA/Canada/Europe ke J

follow up: Bertuzzi et a. Diabetologia 2002,45,77 http://www.med.ualberta.ca/islet/

sxem odlsang’

_ * successful experimentsin mice  « autoimmune response
* embryonic cells e anumber of open questions » balance between proliferation and

» adult pancreatic cells

insulin production
 other sources

e ? unknown effects (tumors...)

Cell encapsulation .

o cell cluster producing insulin

: Orive et al, Nature Med 2003, 9, 104
e immunoisolation of donor > est in 1994

cells behind semipermeabl g voom” in 90-ties e progress
membrane « alo- and xenotransplanted o definitetype and material

cellsto different recipients remainsto be answered
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Why polymer chemist(ry) should enter...

...to designed semiper meable membrane

piemediical applications

Biological criteria Physical and chemical Process criteria
 biocompatibility criteria

e resistance to biodegradation  mechanical stability / * homogeneity /
* non-cytotoxicity p" » chemical stability / e capacity /

(host & transplanted cells)  * adjustment P4 * reproducibility '
size/shape « availability #
mechanical properties
permeability
membrane thickness

7 | bietecihnoelogical applications
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Why polymer chemist(ry) should enter...

Semiper meable membrane = polymer

| ntravascular " polyacrylates

semiper meable
membrane major surgery / thrombosis/ retrieval

h.";l'ﬂ- .,.

#
2
:ﬁﬂf c lau
"'
'-
1'59 :: :h-:lﬂ e/ -mq J%?":
@ B &

emodified cellulose

epoly(acrylonitrile-co-vinylchloride)
hollow fibres

steflon planar membranes

epolyesters

emacr obeads of polysaccharides

diffusion / islet necrosis/ mechanical properties

ugels
gelling polysaccharides

temperatureinduced sol-gel process
» solvent extraction/precipitation

retrieval
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Capsules by polyelectrolyte complexation

Polyanion (PA) and poly- cation
(PC) via (predominantly)

between
oppositely charged polymerswill
ALWAYS (1)
form polyelectrolyte complex (PEC)

@ Overlapping fields
(1) general macrg@yolecular chemistry
(i) specificity gf§polyel ectrolyte chemistry
(111) hydrogelséghd physically crosslinked networks

(Iv) membrg

2 CAPSULE with adjustable properties
e serving the purpose
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Polyelectrolyte comlexation: How the cells are encapsulated

DROPLETS by:
Inotech

Nisco
genialab
...Oor
In-house
made

i . 100-102 51

Mild, fast, controlled procedure

at physiological conditions

e POLYELECTROLYTE
COMPLEXATION

'

Hydrogel / membiiane formation
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Polyelectrolytes - categorization

o type of charge— PA vs. PC  hydrophobic groups
charge density * H-bonds

charge distributon
o gel-formation in the presence

* acid-base characteristics of simple electrolytes
weak Vvs. strong acids and bases

» molecular weight

e MWD
e chain architecture — linear vs.

e chemical distribution branched

(homopolym. vs. copolymers) »monomer type - flexible vs
rigid

ALL FACTORSNEED TO

—_— BE CONSIDERED WHEN

Many possibIl it e STATING SUITABILITY
OF A GIVEN POLYMER

Neuchétel, Switzerland,,July 6-7 2005
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Polyvelectrolytes - selection

Polyanion vs. Polycation

—“biocompatible” PC —decomposition of
—not critically toxic cell walls

— positive charge has
tobe SATURATED
Sodium alginate — external polymer
Cellulose sulfate Chitosan
Carboxymethyl cellulose
Hyaluronic acid Poly(L-lysine)
Poly(L-ornithine)

INTERNAL

POLYMER Polyacrylic acid Poly(methylen-co-guanidine)
PolyAMPS Poly(vinylamine)
Poly(ethylenimine)
Poly(DADMAC)
Poly (N-vinylpyrrolidone)

EXTERNAL
POLYMER

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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Polyelectrolytes - selection

Polyanion vs. Polycation

—biocompatible PC —decomposition of
—not critically toxic cell walls

— positive charge has
tobe SATURATED

Sodium aginate — external polymer

Cellulose sulfate Chitosan
Carboxymethyl cellulose _
Hyaluronic acid Poly(L-lysine)

Poly(L-ornithine)
INTERNAL

POLYMER Poly(methylen-co-guanidine)

_ Wy | amine)
PEC -, non-toxic, biocompatible" lenimine)
— stability! iscritical DMAC)
& multiple layers PA/PC/PA/PC/PA.... RAVIUEIEE)
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Polyelectrolytes - selection

L

’0\
B

N/

Charge density

HY DROGEL (polym. conc. ® 0 %)
- physiological environment for cells
- strict selection of PE’s
Inter actions between PA and PC

COACERVATE
polym. conc. ® 100 %
over membrane properties

Additional factors
e polymer concentrations, pH, ionic strength,
reaction time...

igor.lacik@savba.sk
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Polyelectrolytes - selection

Molecular weight and MWD

Critical parameter for
® solution rheology
® drop and capsule shape and surface topology
® mutual diffusion of PA and PC zones (pH, ionic strength)
® osmotic pressure
® complex stability (biocompatibility and capsule overall performance

RECOMMENDATION

100 — 1000 kDa
— external polymer & M.h. (flexible chain)
5—-20kDa

Consider in linewith other parameters
— concentration, time of reaction, process parameters...
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Polyelectrolytes - selection

- advantage —i1onotropically formed gels
—diversity
— availability and cost

- drawbacks — purity
— standardization!!!
— overcoming these problems 777?

Synthetic polymers
- advantage - “smply” prepared, modified,
purified & characterized

- drawbacks - difficult to mimic, by e.g. secondary
structure, the advantageous
properties of natural polymers

Neuchétel, Switzerland,,July 6-7 2005



mailto:igor.lacik@savba.sk

OUTLINE

« ENCAPSULATION

Why polymer chemist(ry) should enter encapsulation?

e POLYMERSIN CAPSULES
Polyelectrolytes as a capsule material
Case 1. Prosand cons of Alginate-based capsules
Case 2. Alternative capsules“PMCG”
Process, mechanism, under standing and optimization
« APPLICATIONS - Biomedicine & Biotechnology
« CONCLUSIONS

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005


mailto:igor.lacik@savba.sk

Sodium alginate in microparticle and capsule formation

OH
COONa* AN

guluronic acid
(if >60% high-G alginates) + CaCl,

mannuronic acid
(if >60% high-M alginates) egg-box model

EXTREMELY simple - may cause a problem if the, polymer natur e
of alginate is underestimated
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Sodium alginate in microparticle and capsule for mation

OH
COONa' /\
/ J

LBHOox model

EXTREMELY simple ‘ may cause a problem if the , polymer natur €'
of alginate is underestimated
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Sodium alginate ionotropic gels

iymsssssl)> Bead inhomogeneity |

Na-alginate into CacCl, Gell density across the capsule
? SA concentration in core vs surface

Polymer concentration e
Crucial for bead/capsule properties

original
In soltn.

Homogeneous
bead

alginate conc.

distance
Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

Lim and Sun, Science 210, 908-909,1980

3'd step:
strengthening the membrane

hyleneimine solution

0.2 % poly
%T ; ©— -® _________ i %

reaction time~2-4min

1% step:
drops of SA (0.6-0.8%) containing islets of
L angerhans (Wistar rats) gelled by Ca?*ions

®
1.5%CaCI2TIution ° %
-
&:} o ° ®‘ SA/Ca2* bead

collection time + gelling time~?+ ?min

SA /Ca?*- PLL/PEI coated bead

4 gtep:
Dissolving SA/Ca?* gel

sodium citrate solution

21 step:
membrane for mation | | :
0.02% poly—\,—lysine solution

5

~ 700 — 1000 mm

® ©__©___‘

______ > .

reaction time~5min

SA-PLL/PEI hollow capsule

CELL VIABILITY efour months in vitro
e3 weeks in vivo

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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Sodium alginate in capsules. history to presence

Modified protocol of Lim and Sun - till now

3d step:

1% step:
drops of SA containing islets of
L anger hans gelled by Ca?tions

®
1.5%CaCI2TIution ° %
-
&:} ° ° ®‘ SA-Ca?* bead

collection time + gelling time~5+ 5min

0.1 % sodi

O ... @

reaction time~5-10 min

SA/Ca?+*-PLL-SA coated bead

X 4™ step:
Dissolving SA-Ca?* gel

Sodium cit

5

reaction time ~5-10 min

SA-PLL-SA hollow capsule

m alginate solution

ate solution
21 step:
membr ane formation

- —_@———_ %
—_— -

SA/Ca?*-PLL coated bead

® ©__©___‘

______ > .

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005


mailto:igor.lacik@savba.sk

Sodium alginate in capsules. history to presence

Patrick Soon-Shiong et al (VivoRx): a dominant influence on encapsulation community 1990-1998

purified alginate with high G content
(mechanical stability & biocompatibility)

e
SAPLLISA hollow capsules . US Patents 1998-1999
with Understanding:

(i) PEC stability \!,
(ii) capsule formation
(Trondheim, Norway)

15-20 000 islets/kg (allografts)
TX site: peritoneal cavity

e
- « alginate rich in G units
Succe’ssiul_d.c’x\g. t_uaLs 9'992) « alginate rich in M units for binding to
/ < e ~ \ PLL has to be present (multi-layer)
Successful clinical trial « no degelling of core by citrate

» stable Ba?* gelation to Ca?*
* anisotropic distribution of alginate

(Lancet 1994)

N 7’

in core
* absence of PLL positive charge on
surface — macrocapsules
Boom in the field
Difficult / impossible to repeat

qoracik@savbask y.2005: clinical trials www.amcyte.com |

-—~

1. dispersed ,/~ @\
@ O in SA 1
@ (C:)) — @ @ //’

~0.7mm 2 Ca* A et
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Sodium alginate in capsules. history to presence

MODIFICATIONS & “IMPROVEMENTS” TO SA/PLL/SA CAPSULE
— suppress islet necrosis, improve long-term biocompatibility and durability

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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Sodium alginate in capsules. history to presence

MOD":'C_AT“ * high-M alginate is more suitable than high-G yet biocompatibility
— suppress islet s an jssue of purity (endotoxins, mitogens, phenolic compounds)
Klock et al. 1997
* high-M alginate is more suitable than high-G for SA/PLL/SA
capsules due to efficient binding to PLL
deVos et al. (1996-2005)
* high-G alginate should be the main constituent in SA/PLL/SA
capsules for their stability
Soon-Shiong et al (1998)
* high-G alginate is more suitable than high-M for SA/PLL/SA
capsules due to improved mechanical stability
Halle et al (1999)
\WISIWISISVAWN [ =R@ g[SV « high-G
(olelelolgglerz1ilo]llNY,  deVos et al. (1996-2005)
e high-M
Weir et al. (2001-2005)
e high-G vs high-M ® biocompatibility is an issue of purity
Orive et al. (2002)
e purity may not be a major issue ® for PEC capsules, endotoxins
as polyanions are captured by cationic charge of membrane
Wandrey (1999)

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

e replacing PLL by poly-L-ornithine (stable complex with

MODIEIC SA) Calafiore et al (1995-presence, clinics)

 replacing PLL by aminopropyl silicate (stable complex, sol-gel)
Sakai et al (2001 - presence)

* SA (macro)bead containing SA-PLL-SA microcapsules
(clinics: www.amcyte.com)

« avoiding PEC membrane — formation of stable SA/Ba?*
beads Weir et al (2001 - presence)

* coating layer based on the PEG chemistry grafting PEG on

NEE N ASEEanZel PLL Hubbell (1992); presence devoted to PEG chemistry

(chemical composit %

— suppress

SITE of Tx
(vascularization/explantation/safety...)

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

MODIFICATIONS & “IMPROVEMENTS” TO SA/PLL/SA CAPSULE
— suppress islet necrosis, improve long-term biocompatibility and durability

e peritoneal cavity (simple, fast, high capacity, retrieval?)
« under capsule kidney (localization, retrieval if needed)
NN I\ r=| ° portal vein of liver (safety?)
* spleen vein (safety?)

(chemical com
 subcutaneously (geometry?)

MEMBRANE CHEMISTH
(biocompatibility)

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

MODIFICATIONS & “IMPROVEMENTS” TO SA/PLL/SA CAPSULE
— suppress islet necrosis, improve long-term biocompatibility and durability

ANIINAAI I\/IODEL
ALGIN Calafiore et al 1995 — 2003:

* medium and conventional size microcapsules 600 — 1000 mm
» coherent microcapsules 400 mm
smaller is better, but was not proven for dogs

Halle et al 1996 — 1999:

recommended size of microcapsules

more biocompatible than conventional size

deVos et al 1996 — 2002:

large diameter ~ 800 mMm
small diameter ~ 500 mMm
larger is better = a more adequate islet encapsulation
Strand et al 2002:

larger diameter ~ 500 Nm
small diameter ~ 200 mMm
islets in vitro = no difference between sizes of capsules at
adjusted conditions for capsule formation

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

MODIFICATIONS & “IMPROVEMENTS” TO SA/PLL/SA CAPSULE
— suppress islet necrosis, improve long-term biocompatibility and durability

SIZE

e typical animal donors/hosts — normal mice
NOD
— rats
— pigs
— dogs
« allo- vs. xenotransplantations

successful

SITE of Tx
(vascularization/explantation/safety...)

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

e smoothness vs. roughness, i.e. physical imperfections APSULE
— general opinion smoother is better d durability
— possibly “just rough” is better (Prof Hilboorn, Uppsala)
e ?7?7? Quantification

« Ba2* vs Ca?*
— the gel/capsule chemical stability VIAL MODEL
e ??7? Toxicity of BaZ*

 homogeneous vs. heterogeneous capsule core
— meet both opinions
e ??7? real evidence

* homogeneous Vvs. heterogeneous capsule core
— meet both opinions
e ??7? real evidence

e difference in modulus of tissue and material
e Prof Hilborn, Uppsala

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

MODIFICATIONS & “IMPROVEMENTS” TO SA/PLL/SA CAPSULE
— suppress islet necrosis, improve long-term biocompatibility and durability

SIZE
(diffusion/site of Tx/volume...)

ANIMAL MODEL
ALGINATE TYPE
(chemical composition)

MEMBRANE CHEMISTRY
(biocompatibility)

SITE of Tx
(vascularization/explantation/safety...)

CIRCLE OUTCOME: A VERY POOR LEARNING CURVE
e struggles for one searching “some degree of exactness”

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005
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Sodium alginate in capsules. history to presence

Enzymatically tailor-made composition of sodium alginate
by group of Prof. S. Braek, Trondheim Group

Hr'rlld.

HHOHM

M M M M

mannuronan C-5 epimerase

= HUH)

HO 7 = -'7"\.“ =
i T~ —~1OH

HOOC OH fi HOW

m.Z-p-L.fﬁ \T

U“- oo OH

M

J Biomed Mater Res 64A, 540-550 (2002)

Effect on e chain flexibility Improvement e higher stability
e packing density e |lower permeability
e interactivity e core and coat material

— a new hope for alginate-based capsules

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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Detour #3: search for exactness (IL’sanother field)

JUPAC activities (www.iupac.org/projects/2004/2004-034-1-400.html )

—

Availability and precision of rate coefficients in free-radical polymerization

| beginning of 90-ties | end of 90-ties

benchmark values
based on data from
a number of laboratories

~
o
«n
-
[S
=
—l
~
o
4
£

A 0O O N 00 ©

26 28 30 32 34 36 38 28 30 32 34 36 38 40
1000 Tt/ K-t 1000 T-1/ K-t

achieved after recognizing drawbacks and critical discussion and setting

consistency criteria
difficult topic but seems a simpler problem than capsule formation

In encapsulation field, critical discussion might be (is) missing,

blaming nature” for non-consistenc &nprimary principle: consistency
igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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Comments on process of capsule formation by PEC

(Lim & Sun, 1980)
1% step:
drops of SA (0.6-0.8%) containing islets of
L angerhans (Wistar rats) gelled by Ca?*ions

&:} o © ®‘ =S ACa2* bead

collection time + gelling time~?+ ?min

-V

®
1.5% CaCl, TI ution

21 step:
membr ane formation

0.02% poly—\,—lysi ne solution

5

SA/Ca?*-PLL coated bead

igor.lacik@savba.sk

SIMPLE e VASTE AMOUNT OF PAPERS
e ANYBODY CAN DO IT
e ANYBODY CAN REPEAT IT

Neuchétel, Switzerland,,July 6-7 2005
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Comments on process of capsule formation by PEC

igor.lacik@savba.sk

catian

Polyel ectrolyte-based beads and capsules
(i) time of droplet collection

(if) timeof gel/membrane formation ...

I.e. discontinuous process _
take the literature on PEC capsule and find

this (logically reguired) infor mation
50 randomly selected papers (>y.1999)

6% 64%

@ No inormation at all m Collection time O Reaction time

Neuchétel, Switzerland,,July 6-7 2005
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Comments on process of capsule formation by PEC

collection & reaction times

A wrong observation: beads formed by reaction of Ca?* with sodium
alginate in a couple of seconds and a couple of minutes look similar

BUT arenot identical

eCollectiontime 5 minutes
*Reaction time 5 minutes

Polymer network L

» mechanical stability
» chemical stability
* masstransfer

@gel density
Peffective molecular weight btw.
crosslinks

@gel thickness * degree of swelling (size)

@swelling . post-regctions(PLL, coat...)
@ » cell environment

Averaged properties a difficult to judge the capsule/cell
performance (repeatability; discarded systems)

igor.lacik@savba.sk Neuchatel, Switzerland,, July 6-7 2005
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Comments on process of capsule formation by PEC

...limitations in SA-PLL-SA (type of) capsule:

e capsuleinter- and intrabatch homogeneity

3333

CaCl, solution NaCl solution PLL solution
(GELLING REACTION) (WASH & POOL COLLECTED BEADS) (MEMBRANE FORMATION)

b — Ca?* exchanged by Na * }
(Strand et al 2003)

— time dependent

Further exploration for capsule type with:

* “independent” adjustment of membrane properties
(mechanical properties, thickness, per meability, smoothness)

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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“PMCG” microcapsule: basic chemistry
Polyanion Polycation
solution solution
Poly(methylene-co-guanidine)
PMCG
0.6-1.2% .

.
L =N

Complex stability in PBS (after Ca2* removal)

stable highly stable

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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“PMCG” microcapsule: basic chemistry

Polyanion soltn.

high viscosity (SA)
&
cellulose sulfate (CS)

N
N

Polycation soltn.

poly(methylene-co-guanidine)
&

CacCl, (gelling cation)

&
NaCl (anti-gelling cation)

igor.lacik@savba.sk

* SA/CS ratio - specifically interacting
polyanions with components of PC
solution

 CaCl, - gelling with SA & spherical
shape
* PMCG - low M.w. (Mn = 4500 g/mol)
and high charge density € high mobility
and reactivity, strongly interactive with CS
e competitive reaction between
PMCG and Ca?* with the anonic sites
 anti-gelling Na* cations tune the
gelling reaction

e reaction is fast e a few tens of seconds

» 1-step process e no changes of
membrane introduced between gel bead
and membrane formation

Neuchétel, Switzerland,,July 6-7 2005
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“PMCG” microcapsule: process of preparation

typically applied to the PEC-made capsules

* nominal size of droplets generated at

~ 3000/min by air-stripping. size ~ 0.8 mm
*0.6% SA + 0.6 % CSin PBS
* 2.2% PMCG, 0.6 % CaCl,, 1.8 % NaCl in H,O

Collection time:
Reaction time:

-~

cation

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005
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“PMCG” microcapsule: process of preparation

Beaker: collect 30’'+ react 30’

POLYANION

’ (+ cells)
L, ﬂ

air-stripping
nozzle

POLYCATION

multi-loop
reactor

Multiloop reactor capsule uniformity

esch capsuleisexposed to [l QOIS -
the same reaction conditions Anilkumar et al Biotechnol. Bioeng. 75, 581 (2001)
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PM CG capsule: membrane formation & mechanical resistance

Conc. (wt.%): SA/CS=0.6/0.6, PMCG 1.8 %, CaCl, 1.0 %, NaCl 0.9%

Rate of membrane formeation Mechanical stability
~ tens of second

rupture load (g)

—~
€
=

~
(2}
(%]
()
c

4

©

e
+—
()
c
@
—

o)
=
(&}
S

‘// Alginate / Poly-L-lysine capsule -

\ \ \ \ \
0.01 0.02 0.03 0.04

o membrane thickness (mm)
reaction time (s
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Permeability of PM CG capsule € inverse SEC

e molecular weight cut-off (MWCO)
e poresizedistribution

column bed ~ 20 ml
eluent 0.9 % NaCl
flow rate 0.2 ml/min
pullulan conc. 1-3 mg/ml
Inj. volume 100 nL

|

Ksec = (Vi-Vo)/(Vi-Vo)

d(1-Kgee)/d(logM)

Brissova et al Analytical Biochem. 242, 104-111, 1996
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Permeability of PMCG capsule e effect of MW of CS

PA: 0.9% SA, 0.9% CS in 0.9% NaCl
PC: 1.2% PMCG, 1.0% CaCl, 0.9% NacCl, pH 7
40" reaction time, citrate step

CS in polyanion composition CS as a coating layer (0.1%, 10 min)

CS |MWCO CS |MWCO
+ 760kDa| 36 kDa 8- . 36 kDa
360 kDa| 41 kDa 760 kDa| 18 kDa

190 kDa | 58 kDa ol 190 kDa 6 kDa

O effect of the molecular weight of CS is important
. network density
. coating of primary membrane
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Permeability of PM CG capsule € internal polymers

PA: 0.9% SA, 0.9% CS in 0.9% NaCl
PC: 1.2% PMCG, 1.0% CacCl, 0.9% NaCl, pH 7
40" reaction time, citrate step

PC: 1.2% PMCG, 1.0% CaCl, 0.9% NacCl, pH 7
40” reaction time, citrate step

PA
SA |MWCO .8 | 0.90/0.90

PP e 0.75/0.75
a a 1 0.60/0.60
300 kDa| 60 kD

O refer to Wandrey 2003 — more effect A effect on MWCO and pore size
of SA chemical composition than MW distribution

O correlation to years at Vanderbilt?
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Permeability of PM CG capsule € secondary coating

igor.lacik@savba.sk

molecular weight cut-off

SA/CS DEXTRANS R PROTEINS
in PA solution | (statistical coil) n (globular
(wWt.% / wt.%) [kDa] conformation)

[nm] [kDa]
0.6/0.6 230 11.7 1770
0.9/0.9 ’ 120 8.5 750
0.9/0.9 \ 5.1 200
0.9/0.9 34 67
0.9/0.9 13.8 2.9 44
0.9/0.9 3.2 14 6.5

PLL 0.01wt.%:;

.3 and 4.5min
4 = ."I 5 |‘
s o ATy
i I!: I.-" 3 .'. I’ ': .:. |II
o6 a 'E"I i .'I IJ '.: II'. |II
% ‘e T AR
x, 2.4 P TR )
- hi £ ) .
& | S
a0 | = 250
A < - - ~
*‘U’. i -::. L I'r II|I
ca £ s i ! |
18 i A ' 7 T !
%05 - S o ultiznsd
¥! ) I..' ,'i '! !I :- |I
FI| F : |I ' e, ||
c.z & g
i i B
Q- B, G |
| / e h
e L— — e s \‘*-
10 085 1o 15 20 35 Ba BS 1@ VE o0 as
log Ry, (&) =fP\/ A

0.001wt.%: 3 min
0.1wt.%: 5min
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M echanism of capsule formation —a kinetics view

Lacik et al J Microencapsulation 2001

shape relaxation after impact by viscous for ces L)

time~103s Q BEFORE IMPACT
a surface smoothness, sphericity :

and permeability

POLYCATION ©
AFTERIMPACT

O

IDEAL RECOVERY

shape relaxation by osmotic swelling
time~103-10°s

membrane formation
time~10°- 10%s

a reguired thickness, mechanical and
chemical stability and permeability

1)

igor.lacik@savba.sk Neuchétel, Switzerland,,July 6-7 2005


mailto:igor.lacik@savba.sk

Shape relaxation by viscous for ces

COMMON UNDERSTANDING: NaCl provides physiological osmotic pressure

ADDITIONAL ROLE: Screening of ionic interactions a effect on
Kinetics!

Q Before impact

Drop penetration via
air-liquid interface

Air |
Polycation > After impact PE
solution

lcomplexation
| deal shape

Timeto reach the “ideal shape” is given by viscous forces

. R ge- 0.05° (cm?) ©
5n ~1(cm’s?) 4

»103s

OEncapsulation process —
&drop size, € viscosity O limited by process
slow-down therate of gel for mation !

Kendal et al. 1989 Antigelling effect of NaCl
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Shaperelaxation € gelling conditions [Na*]/[Ca?*]

Optical microscope

a) Immediately after membrane formation
b) After dissolving of internal gel by citrate

without NaCl in cation solution 0.9 wt.% NaCl in cation solution

L. Positive effect on capsule quality
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Shaperelaxation € gelling conditions [Na*]/[Ca?*]

Quantification: AFM

LINE PROFILES

0.9 wt% of NaCl
1.0 wt.% of CaCl,
1.0 wt.% of PMCG

4.5 wt% of NaCl
1.0 wt.% of CaCl,
1.0 wt.% of PMCG
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Shaperelaxation € gelling conditions [Na*]/[Ca?*]

Effect on permeability

SA/CS= 0.6/0.6 (Wt% / wt%), poly (methylene-co-guanidine) 1.0 wt%

CaCl, (%) NaCl (%) [C& ]/[Na] exclusion limit [kDal]
0.60 0.9 0.35 97
0.86 0.9 0.49 137
1.00 0.9 0.58 215

F[C£T)/[NA] T MWCO i[ca)/[PMCG] T MWCO

Indication of the competition processes in the membrane formation

L’ Increased NaCl concentration lowers the PA concentration at the drop surface
L, O homogeneous vs. heterogeneous distribution of polyanions

Extremely ssimple adjustment of MWCO

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005


mailto:igor.lacik@savba.sk

Shaperelaxation € gelling conditions [Na*]/[Ca?*]

Lacik et al J Microencapsulation 2001

Increased ratio Nat/Ca2t leads to
smoother surface,
but |ess stable complex

are formed continu-
oudly in two steps PC1

Capsules PCL & PC2

L _G@+R-g, high [Na*] N\ & PC1
2 = k

k isthe flow rateratio
V,/V,of PC2and PC1

Capsules & PC of composition
for membrane at physiological NaCl

aCapsules of different smooth surface stable mémbrane
riacedually < 35S tens of seconds
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M echanism of capsule formation —a chemistry view

interactions — dilute solution
\‘/

. composition — real conditions

capsules are made by between:
PMCG + SA
PMCG + (SA-Ca?)
PMCG + CS
PMCG + SA/CS
PMCG + (SA/CS-Ca?)

Questions:
« what do we know about interactions?
e can the information on interactions help?
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viscometry (Ubelohde viscometer) at 25°C

>
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>
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@
S
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| nteractions in dilute solution

\ equilibrium (electroneutral)
composition

addition of to
molecular weight

concentration
lonic strength

- -
HO -[ CH,—NH -C—-NH -] - H

+NH
M =107 g/mol

monmol —

3.0 charge / unit ?

CH,0S0, _—q
@) HO
g

M onmol = 341 g/mol
1.7 charge / unit

COO™

M =198 g/mol

monmol —

1.0 charge / unit
l expected???

PMCG : CS ~ 1 : 2 (Xoyeg ~ 0.33)

PMCG : SA~1: 3 (Xpycg ~ 0.25)

Neuchétel, Switzerland,,July 6-7 2005


mailto:igor.lacik@savba.sk

| nteractionsin dilute solution: PMCG - CS

|ONIC STRENGTH
(both polymers 0.01wt.%)

O water

O 0.001M NacCl
A 0.1M NaCl

=
~
[]

—

w

] 1
L_f

(O
\

PMCG: CS
4:1

Relative viscosity

-
|
OO
I>OD
O
DD

C)

-
o
]

20 40 60 80 100
PMCG (mol %)

o
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| nteractionsin dilute solution: PM CG - SA

IONIC STRENGTH
(both polymers 0.008 wt.%)

18- O water
- O 0.001M NacCl
- - 0.01M NacCl
2 1.6-
= il < 0.1M NacCl
S 1.5 -
N2) T
S 1.44
O | - PMCG : SA
= 1.3- 4 :1
% 1.2 Q =
nd J Ll /
1.1 A 800
1.0? :@&%E%%fq s
0 20 40 60 80 100

PMCG (mol %)

Relative viscosity

1.20 1

1.051

1.004

POLYM. CONCENTRATION

(in 0.01 M NacCl)

O 0.010 wt.%
< 0.008 wt.%
A 0.005 wt.%

20

PMCG (mol %)

igor.lacik@savba.sk
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Outcomes from studies of interactionsin dilute solution

« PMCG is less (electrostaticaly) interactive
than assumed (PMCG effective charge?)

* PMCG content in complex is higher than
stechiometrical.

« Other than (only) ionic interactions are responsible
for complex formation?

e similar PMCG interactivity to both SA and CS
SA + Ca?t CS + PMCG SA + PMCG

e Question: complex composition under
REAL conditions?
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M embrane formation under real conditions
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Confocal laser scanning microscopy in membrane characterization

Multi-spectral confocal microscope ZeissL SM 510-META+Axiovert 200 M ot

photodiode non-confocal
transmission detection

dual-channel PMT
confocal detection

E=————x= Specimen
&

Ea objective

E 7N\ teﬁéaw

ﬂ I_\ dicﬁmic mirror

main
dichroic mirror

Z \\ I /l Q scanning
l/ \Q) mirrors

secondary
dichroic mirror

CP1

_ : Two fluorescence/reflection channels
. multi-channel PMT : ]
| spectral confocal # ALionllaset One transmission channel

detection
32-channel polychromatic detector

488 nm laser line and emission bands 435-485 nm (reflection) and 535-590 (fluorescence)
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Confocal laser scanning microscopy in membrane characterization

Fluor escence labels € non-covalent labeling probes after capsule formation (107 mol/L)

sodium alginate cellulose sulfate poly{methylene-co-guanidine) hydrochlorde

~ei0C oH e ] 3
OH o
) H
MO\W ! HO -[ CH, = NH - C—NH ] - H
60 |
o, fo8
OH 00C ‘
G G

NH

Rhodamin B ﬁ Rhodamin 123 Eosin Y I Fluorescein

selected cation probes
(visualisation of negatively-charged polymers)

Sensitive to (free, unbound) charged polymer groups
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CL SM characterization of microcapsule wall —anionic probes

PA: 0.9% SA, 0.9% CSin 0.9% NacCl, PC: 1.2% PMCG, 1.0% CaCl, 0.9% NaCl, pH 7, 40" reaction time, citrate step

refecon
fLIDFESCENCE
.

I ntensity [ALL]
[=] L=} (=1 =] [= [=]
P T R

=]
o

X T
sl

O

o o o O
m a i

riersity (AL ]
-

0O & a €
= ha Wl

o
=

B0
Chstance km]

A) transmission, B) reflection, C) fluorescence, D) cross-sections (across white line in B,C)
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CL SM characterization of microcapsule wall — cationic probes

PA: 0.9% SA, 0.9% CSin 0.9% NacCl, PC: 1.2% PMCG, 1.0% CaCl, 0.9% NaCl, pH 7, 40" reaction time, citrate step

Rhodamin B

- Tefection
fliar ESCEnGe

AN I
Distanceym]

\

A\
Reflection & fluorescence for non-bulky probes
€ “inner” membrane (of anignic nature)

10 -renecion | |
fluorescence |

VRN
TR
N o

Dbl =<

]
I

L
n

T sty ks Mg

T T T —— )
F 40 B0 R - T P
Distance fm]

A) transmission, B) reflection, C) fluorescence, D) cross-sections (across white line in B,C)
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Dilemma between 1- and 2-step processes

1 —step O capsular membrane SA/CS — PMCG is made in one step

O intra- and inter-batch homogeneity (geometry and chemistry)

O 1st step: SA/CS — Ca?* beads (step consisted of collection + reaction)
2nd step: exposure to PMCG

O easy control of membrane thickness and shape

A may arise a problem with intra- and inter-batch homogeneity
(an issue for large batches!) due to:

@ differences in collection and reaction times

@ diffusion of CS between 1st and 2" steps (CS is not bound by Ca?*)
@ duration of washing steps

...what can CLSM see?
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CLSM characterization of microcapsule wall: non-covalent labeling

1-step process 2-Step process

PA: 0.9% SA, 0.9% CSin 0.9% NacCl,
PA: 0.9% SA, 0.9% CSin 0.9% NacCl, Step 1: 1.0% CacCl, 0.9% NacCl, pH 7, 40”
PC: 1.2% PMCG, 1.0% CaCl, 0.9% NaCl, pH 7 reaction time,
40" reaction time Step 2: 1.2% PMCG, 0.9% NaCl, pH 7, 40"
reaction time

Rhodamine 123 [ Rhodamine 123

Intensity
] Intensity
Intensity

=

.| reflection \ label
' reflection \q

uoomoom . [ Distance -
X Distance .
Distance Distance

e CLSM identifies membrane composition and suggests

mechanism of capsule formation
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Permeability by inverse SEC e 1- vs. 2-step process
e —

PA: 0.9% SA, 0.9% CSin 0.9% NacCl
1-step capsule: 1.2% PMCG, 2.0% CaCl, 0.9% NaCl, pH 7, 40" reaction time, citrate step

2-step capsule: 15t step: 2.0% CaCl,, 0.9% NaCl 40™
2" step: 1.2% PMCG, 0.9% NaCl 40"

citrate

process| MWCO
1-step 52 kDa

2-step 29 kDa

MWCO shows a denser network in 2-step process
? a higher CS concentration towards surface ?

Neuchétel, Switzerland,,July 6-7 2005
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CLSM characterization of microcapsule wall — covalent labeling

PA: 0.9% SA, 0.9% CSin 0.9% NaCl, PC: 1.2% PMCG, 1.0% CaCl, 0.9% NacCl, pH 7, 40" reaction time

PMICG - rhodamineB-isothiocyanate SA — fluorescein amine
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CLSM characterization of microcapsule wall

« extremely useful tool for membrane and capsule
characterization

e understanding mechanism and, hence, control of capsule
formation

e specifically bound labels provide sufficient primary
Information; covalently bound labels provide a rigorous
Information

e cooperation among devoted people is needed

o future: also for viability studies of encapsulated cells

igor.lacik@savba.sk Neuchétel, Switzerland,, July 6-7 2005


mailto:igor.lacik@savba.sk

OUTLINE

« ENCAPSULATION

Why polymer chemist(ry) should enter encapsulation?

e POLYMERSIN CAPSULES
Polyelectrolytes as a capsule material
Case 1. Pros and cons of Alginate-based capsules
Case 2. Alternative capsules“PMCG”
Process, mechanism, under standing and optimization
« APPLICATIONS - Biomedicine & Biotechnology
e CONCLUSIONS
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Capsules with rat islets

9005 —m— freshly isolated islets

800 - —o— freshly isolated islets after encapsulation
—A— encapsulated islets explanted after 9 months
700
—_— stimulation
600 o

500+
400
300
200
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o

04

Perifusion time (min)

Capsules before Tx to C57 —
mice (A) and explanted after Perifusion in glucose
~ 9 months (B) medium

capsules seem to be biocompatible and cells remain viable
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PMCG capsule for encapsulation of islets of L anger hans
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~ 1000 idets of Langerhans/ mouse model intraperitoneally

capsule: 800 nm, membrane ~ 70 nrm, MWCO towar ds dextrans

Sprague-Dawley rat idets

200 mg STZ/kg
MWCO 100-230 kDa

W

(16) (15) (1) (10)

20 40 60 80 100
Time after transplantation (days)

120

Neonatal pigislets

MWCO 100 kDa

O—T

W

© @ ® ®)
I I I I
0 20 40 60 80 100

Time after transplantation (days)

Glucose concentration (mg/dL)

o
1
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PM CG capsule used in biotechnology

Immobilization of enzymes and whole cells as catalysts for biotransformation

Nocardia tartaricans whole cells with cis-epoxysuccinate hydrolase acitvity

O
cis-epoxysuccinate

ona Yoy
—_— >
Na = cEsH ) HO = H
COONa

Bucko et al EMT, 2005, 36/1, 118, 2005

250
2004 .
activity 150 M
(Uimg) 100k~ U
50
0 :
SA-CS/PMCG CPG

Storage stability after 35 days
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COONa

L-(+)-tartrate

SA-CS/PMCG | CPG
ime for complete bioconversion

relative activity (%)

120

100

80

60

40 1

20

0

encapsulated cells

o o

e}
o o]

5 free cells

(e} o o

3 4 5 6 7 8 9 10 11

cycle number

o 1 2
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Conclusion remarksto polymersused in encapsulation of
biological substances

BIOTECHNOLOGY

e industrially utilized process using mainly

o ? effect of

e a“simple’ problem compared to biomedicine
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Conclusion remarksto polymersused in encapsulation of
biological substances

BIOMEDICINE

ong: DCOr — capsules tested and tailored
In vitro, the in vivo performance = black-box

IS poor

— lacking characteristics, purity, and
standardization (and fate in vivo after losing performance)

of transplantation?

of polymeric material?
(microsphere = gelled SA?; microcapsule = 77?)
“ " approaches — change them to the application-
driven activities (+ 5 yearstime...?)
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Concluding message € whether successor failure, always

(for understanding the topic of immobilization of biological substances)

1. THINK OF POLYMERS AND PROCESS, and

2. SEARCH FOR MESSAGES FROM POLYMER CHEMISTRY
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