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■ Abstract 
In comparison to procedures used for the separation of indi-
vidual cell types from other organs, the process of human 
pancreatic islet isolation aims to digest the pancreatic exo-
crine matrix completely without dispersing the individual 
cells within the endocrine cell cluster. This objective is 
unique within the field of tissue separation, and outlines the 
challenge of islet isolation to balance two opposing priorities. 
Although significant progress has been made in the charac-
terization and production of enzyme blends for islet isola-
tion, there are still numerous areas which require improve-
ment. The ultimate goal of enzyme production, namely the 
routine production of a consistent and standardized enzyme 
blend, has still not been realized. This seems to be mainly 

the result of a lack of detailed knowledge regarding the 
structure of the pancreatic extracellular matrix and the syn-
ergistic interplay between collagenase and different supple-
mentary proteases during the degradation of the extracellu-
lar matrix. Furthermore, the activation of intrinsic prote-
olytic enzymes produced by the pancreatic acinar cells, also 
impacts on the chance of a successful outcome of human 
islet isolation. This overview discusses the challenges of 
pancreatic enzymatic digestion during human islet isolation, 
and outlines the developments in this field over the past 5 
decades. 
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1. Introduction 
 

 ollagenases are collagenolytic proteases that 
 are widely used in the food and cosmetic in- 
 dustries, in biotechnology and healthcare. 

Medical applications of collagenases include 
wound debridement [1], treatment of Peyronie’s 
disease [2], fibrotic encapsulation of implants [3], 
and the treatment of Dupuytren’s contracture [4, 
5]. 

Collagenolytic enzymes used for therapeutic 
applications are mainly produced by anaerobic or 
aerobic microorganisms which can be pathogenic 
or non-pathogenic. In contrast to vertebrate colla-
genases, microbial collagenases have the capability 
to cleave native and denatured collagen at multi-

ple sites [6]. This unique attribute makes micro-
bial collagenases to the reagent of choice for mani-
fold applications in medical care and research [7]. 
Among other microorganisms, Clostridia strains 
are the most thoroughly investigated sources of 
collagenase. In particular, the bacterium Clostrid-
ium histolyticum has been established as the most 
widely used specie for collagenase production in 
different fields [8]. 

Another area of application of collagenases in-
cludes the isolation of cells from different organs 
and tissues. These include chondrocytes [9], cells of 
the immune system [10, 11], mesenchymal stem 
cells [12], myocytes [13], hepatocytes [14-16], and 
islets of Langerhans [17-19]. In contrast to the 
procedures used for the separation of cells from 
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other organs, the isolation of 
islets from the pancreas es-
sentially aims to completely 
digest the pancreatic stromal 
matrix whilst preserving the 
intact clusters of endocrine 
cells [20]. This objective is 
unique in the field of tissue 
separation, and reflects the 
challenge of islet isolation to 
achieve these contrasting 
goals [21]. In order to 
achieve the delicate equili-
bration between complete 
dissociation of the exocrine 
tissue and preservation of 
islet integrity, a substantial 
proportion of research efforts 
in this field has been devoted 
to the assessment, selection, 
and combination of suitable 
collagenolytic and proteolytic 
enzymes. Since 1965, when Moskalewski first in-
troduced collagenase for isolating guinea-pig islets 
[22], most subsequent studies of collagenase diges-
tion in the islet field have been performed as ‘trial 
and error’ approaches comparing different lots of 
enzymes or different enzyme products from differ-
ent manufacturers, until acceptable numbers of 
islets could be isolated repeatedly from a donor 
pancreas. However, few of these studies have 
taken up the challenge of accurately defining the 
substrate. 

Since our first overview of collagenase for islet 
isolation, published twenty years ago [21], signifi-
cant progress has been achieved in enzyme purifi-
cation [23, 24], biochemical characterization [25-
28] and in the production of intact collagenase iso-
forms [29]. However, little advance until today has 
been made in enzyme standardization or consis-
tency. At present, islet isolation teams are still not 
released from the obligation of having to test sev-
eral enzyme batches (‘batch testing’) every time an 
old batch has been exhausted. This seems to be 
partly a result of the lack of detailed knowledge at 
the molecular level regarding enzymatic degrada-
tion of the pancreatic extracellular matrix (ECM) 
by infused collagenase and supplementary prote-
ases. It may be that the enormous variability of 
the ECM, depicted by 28 different types of collagen 
[30] and at least 15 isoforms of laminin [31], may 
never allow the complete and detailed analysis of, 
for instance, the interaction between the peri-islet 
basement membrane, the islets themselves, and 
the administered enzyme blends [32, 33]. More-

over, the ECM is a dynamic system remaining un-
der the influence of numerous donor variables such 
as age, and can also substantially change during 
the acute and chronic course of pancreatitis [34-
36]. The specific production of high activities of 
proteolytic enzymes in the acinar cells additionally 
increases the complexity when multiple determi-
nants of success or failure of human islet isolation 
and transplantation are included. 

This review aims to provide the most recent in-
formation about the characteristics of different 
proteases used for the purpose of human pancreas 
digestion and islet isolation. Another aim is to em-
phasize the significance of understanding the 
mechanisms of enzymatic ECM degradation. 

2. Enzyme purification 

In the past, the collagenolytic enzyme products 
for islet isolation were mixtures of 12 or more dif-
ferent enzymes and bacterial byproducts such as 
pigments and endotoxin that are filtered and ex-
tracted from Clostridium histolyticum cultures [21, 
37]. Some of these compounds have a strong proin-
flammatory character and can impair engraftment 
of transplanted islets [38, 39]. Perhaps not surpris-
ingly, it has been demonstrated that enzyme-
separated islets are metabolically less active and 
less potent than microdissected islets [40]. These 
crude products have been erroneously labeled as 
collagenase, although this particular enzyme 
represents only a minor proportion of the entire 
protein mass within these enzyme blends, as dem-

 
 

Figure 1. HPLC of crude collagenase NB-4 and potential contaminants. HPLC 
data were kindly provided by Serva Electrophoresis GmbH [21]. 
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onstrated in high-performance liquid chroma-
tograms (HPLC) (Figure 1) [37, 41]. 

As a result of these impurities, crude colla-
genase blends have been associated with substan-
tial ‘lot to lot’ variability and inconsistency [21, 22, 
42-44]. For clarity, the term ‘collagenase’ should be 
specifically used for different isoforms of enzymes 
cleaving different types of native collagen [45]. 
Products composed of combinations of collagenase 
and other enzymes should be termed ‘enzyme 
blends’. 

Basic experiments performed by the Groningen 
group in rats in the 1990s clearly demonstrated 
that only collagenase class I (CC-I), collagenase 
class II (CC-II) and a supplementary protease are 
essentially required for effective pancreas diges-
tion and islet release [46, 47]. Because of the pres-
ence of numerous enzymes and other compounds 
with similar physical and chemical characteristics 
the purification of collagenolytic enzyme mixtures 
is challenging and costly [6, 37]. Nevertheless, to 
achieve reproducibility in the isolation of islets 
from human donor pancreases a commercially 
available purified enzyme blend was first devel-
oped and introduced by Roche Indianapolis in 1995 
[23]. Liberase HI was standardized with respect to 
CC-I, CC-II, and two other proteases [48]. The effi-
ciency of this product was confirmed in several fol-
low-up studies [49, 50], and may have contributed 
to the significantly increased number of human is-
let allotransplantations during this period of time 
[51]. The success of the Liberase HI subsequently 
triggered the interest of other companies such as 
Nordmark-Serva [52] or Vitacyte [53] to develop 
and launch purified enzyme blends for human islet 
isolation. The purification of enzymes in colla-
genase manufacturing was also the essential pre-
requisite to develop donor-specific purified enzyme 
mixtures specifically formulated for the isolation of 
islets from different species such as dog, pig, rat, 
and mouse [42, 54-56]. 

3. Enzyme characterization 

Early studies revealed that purified collagenase 
cannot disperse different tissues from the rat. Only 
when supplemented with another protease such as 
trypsin, collagenase quickly digests tail tendon, 
adipose tissue, or cardiac muscle [57]. Complete 
separation and efficient release of islets from 
within the acinar tissue of the pancreas also re-
quires the synergistic interplay between CC-I, CC-
II, and a supplementary neutral protease such as 
that from Clostridium histolyticum (CNP) or 

thermolysin (TL) from Bacillus thermoproteolyti-
cus rokko [46, 47, 58]. Previous studies in the rat 
identified CC-II as the most relevant isoform for 
pancreas digestion when compared with CC-I [47, 
59]. In agreement with the observations of the 
Groningen group [60], we found that human pan-
creases are efficiently digested even in the absence 
of CC-I as long as sufficient activities of supple-
mentary neutral proteases are present [61, 62]. 
Nevertheless, for optimal collagenase function, a 
certain amount of CC-I has to be present within 
the enzyme blend. When calculating the proportion 
of CC-II and CC-I protein within different enzyme 
blends as measured by ‘area under the curve’ 
(AUC) in HPLC profiles, the ideal ratio between 
the CC-II and CC-I isoforms seems to be in a range 
between 1.0 and 0.64 [63, 64]. This ratio also 
seems to be effective for hepatocyte isolation [65]. 
Interestingly, investigating the effects of recombi-
nant CC-I and CC-II, it was found that islets can 
be successfully isolated from the human pancreas 
using a broad range of ratios of CC-II and CC-I. It 
should be mentioned that this study applied differ-
ent collagenase activity assays, and did not con-
sider the HPLC profiles of enzyme blends to calcu-
late this variable [66]. 

The delicate ratio between CC-II and CC-I 
seems also to determine the activity of neutral pro-
teases required for efficient pancreas dissociation. 
A nearly ideal proportion of CC-I reduces the de-
mand on supplementary proteases to a minimum 
which has significant implications for the viability 
of isolated islets [67]. In addition to observations 
made in the rat [46, 68], we described the detri-
mental effect of increased CNP activities on integ-
rity and viability of isolated human islets [69]. In 
fact, it seems to be possible to isolate human islets 
using only a marginal amount of CNP [62, 70]. 
These observations raise the question of whether 
the identification of an effective replacement for 
clostridial CNP could improve the quality and 
functional potency of isolated islets. In human islet 
isolation, TL has been mostly used as alternative 
to CNP. TL is an essential component of Liberase 
HI, and is still combined with Mammalian Tissue-
Free (MTF) Liberase (Roche, Penzberg, Germany) 
and Collagenase HA (Vitacyte, Indianapolis, USA). 
Because the specific activity of TL is multi-fold 
higher than CNP [28], it is associated with exten-
sive islet fragmentation and loss of islets during 
culture if not carefully adjusted [71]. 

Electron microscopy studies of isolated rat is-
lets have demonstrated that the complete loss of 
the basement membrane resulted in the subse-
quent disruption of the plasma membrane of pe-
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ripheral islet cells exposing and releasing the in-
tracellular content and subcellular components 
[72]. Several studies comparing enzyme blends 
supplemented with CNP or TL suggested that neu-
tral protease-isolated human islets are character-
ized by a lower rate of apoptosis, higher secretory 
capacity and higher viability compared to islets re-
leased by means of TL [52, 73, 74]. A large-scale 
study, assessing 101 human pancreases digested 
with Liberase HI plus TL and 96 pancreases di-
gested by means of collagenase NB-1 plus neutral 
protease, revealed that Liberase-isolated islets se-
creted higher amounts of TNF-α which may ex-
plain the lower secretory capacity and intracellular 
insulin content measured in these islets [75]. As a 
consequence of these observations, the Minneapo-
lis group replaced TL as supplementary protease 
for Collagenase HA by CNP from Serva, and 
achieved consistently higher yields of islets fulfill-
ing the release criteria for clinical islet transplan-
tation [18]. 

To minimize the negative effects of colla-
genolytic enzyme blends, TL was replaced by dis-
pase in enzyme mixtures specifically blended for 
porcine islet isolation [54]. Dispase is a neutral 
protease extracted from Bacillus polymyxa, and 
has been shown to be less harmful during disper-
sion of isolated rat islets than other proteases [76]. 
Most recently, dispase was identified as suitable 
supplementary protease for the digestion of human 
pancreases. However, a limited number of isola-
tions performed in a split pancreas model did not 
detect significant differences between CNP and 
dispase with respect to islet yield, viability, and in 
vitro function [66]. 

Another neutral protease of strong interest is 
clostripain. This enzyme is responsible for the 
tryptic-like activity (TLA) in enzyme blends [77]. 
Early studies in the porcine pancreas indicated 
that purifed enzyme fractions with high colla-
genase and high TLA but low CNP levels were 
most effective to release islets from juvenile pig 
pancreases [78]. Experiments in the rat clearly 
demonstrated that higher proportions of 
TLA/clostripain significantly reduce pancreas di-
gestion time without affecting islets yield, viabil-
ity, in vitro function, or post-transplant function in 
diabetic nude mice (Figure 2). 

Likewise, retrospective analysis of human islet 
isolations also suggests that higher TLA reduces 
recirculation time and increase islet yield without 
deteriorating islet viability, purity, and recovery 
after culture. Consequently, incrementally in-
creased TLA correlates with a higher percentage of 
islet preparations, fulfilling the quality release cri-

teria for clinical islet transplantation [79]. A recent 
study in rats confirmed these previous observa-
tions, and found nearly triplicated islet yields 
when collagenase and neutral protease were addi-
tionally supplemented with clostripain. Interest-
ingly, combining clostripain with TL did not en-
hance islet yield, and resulted in increased islet 
fragmentation in contrast to the combination with 
neutral protease [80]. An incompatibility between 
TL and clostripain extracted from different species 
is assumed to cause the problem. However, this 
hypothesis could not be confirmed when human 
islets were isolated by means of clostripain added 
as a third component to collagenase and TL. This 
protocol significantly enhanced isolation outcome 
and increased the rate of transplantability from 
46% in controls to 100% in the treatment group 
[81]. The question whether islet release from the 
pancreas can be impaired by using collagenolytic 
proteases from different species is therefore still 
open. 

The exact mechanisms of clostripain function 
are not completely understood until today. It has 
been speculated that the positive effect of clostri-
pain is related to its capability to convert pro-
elastase into elastase which may assist the degra-
dation of elastin as component of the ECM [45]. 
Elastin fibers are strongly expressed in tissues 
continuously exposed to stretching forces such as 
vessels, lung, and heart, but have not been ana-
lyzed in detail in the pancreas [82]. Therefore, the 
importance and contribution of elastin to the pan-
creatic ECM is speculative today. A possible ana-
tomical location might be within the walls of the 
vascular and ductal system. However, considering 
the harmful effects of activated elastase on pan-
creatic tissue (discussed below), a negative impact 
rather than a positive effect would be expected if 
clostripain is administered for islet isolation. 

Irrespective of the exact specifity of clostripain, 
we are not aware of any study that has revealed a 
detrimental effect of clostripain on islet viability 
and function except one publication that found an 
inverse correlation of islet yield with clostripain 
and TLA [83]. However, the assessed enzyme lots 
that contained high clostripain-related activities 
were also contaminated with high activities of neu-
tral protease, making a final conclusion from this 
study difficult. 

4. Collagenase degradation 
Any modification of the composition of an en-

zyme blend, in particular the balance between CC-
I, CC-II, and the supplementary neutral protease, 
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alters its characteristics. This particularly con-
cerns the critical ratio between CC-II and CC-I, as 
discussed in section 3 [63, 64]. 

The analysis of 24 Liberase HI lots of different 
efficiencies revealed a stable content of CC-II, 
while an inconsistency in intact CC-I, associated 
with varying amounts of CC-Ib, was measured [25, 
84]. As CC-Ib is a product of CC-I degradation, it is 
characterized by a reduction in the initial molecu-
lar weight of 116/115 kDa to 100 kDa, correspond-
ing to the loss of one collagen-binding domain [45]. 
This has significant implications for islet isolation 
outcome concerning pancreas digestion time, islet 
yield, and post-transplant function [29]. Intra-lot 
variability with respect to protein mass, salt con-
tent, enzyme activities, and residual water clearly 
indicated a manufacturing problem, presumably 
related to the lyophilization process [25]. 

It has to be noted that the presence of CC-Ib in 
an enzyme blend was not solely a characteristic of 
Liberase HI. Two extensive studies detected a sub-
stantial proportion of degraded CC-I in several lots 
of collagenase NB-1, which became a significant 
issue during the NIH-sponsored Clinical Islet 
Transplantation (CIT) trial [19]. In comparison to 
intact collagenase HA blends from Vitacyte (Indi-
anapolis, Indiana, USA), these collagenase NB-1 
lots released lower islet yields from allogeneic and 
autologous pancreases, and were associated with a 
lower success rate after transplantation into dia-
betic nude mice [18, 29]. Remarkably, a suitable 
and cost-effective substitute for low-effective colla-
genase NB-1 lots was found in crude Sigma V en-
zyme blends that passed a three-step filtration 
process to remove endotoxin, pigments, and other 
harmful components [44]. 

     

    
 
Figure 2. Effect of TLA on islet isolation parameters. The figure shows the effect of TLA on rat pancreas digestion time (A), 
islet yield (B), viability (C), and graft function of isolated rat islets transplanted beneath the kidney capsule of diabetic nude 
mice (D). TLA was supplemented at a concentration of 0.25 (n = 5), 1.0 (n = 5) and 2.0 BAEE-U/pancreas combined with 0.4 
DMC-U of neutral protease activity and 20 PZ-U of collagenase activity. Nephrectomy (Nx) was performed at day 32 post-
transplant as indicated. **p < 0.01, ***p < 0.001 vs. 2.0 BAEE-U. 
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When low-molecular weight CC-I and CC-II 
isomers were chromatographically separated and 
combined in an enzyme blend, a detrimental effect 
on islet viability and post-transplant function was 
noted. Islet transplantation reversed hyperglyce-
mia in streptozotocin-treated nude mice, but re-
vealed the absence of weight gain when islets were 
isolated utilizing degraded CC-I (Figure 3) [85]. 
No data are available to clarify whether this find-
ing was related to an increased internalization of 
smaller CC-I isomers, as observed with commer-
cially available Liberase HI and collagenase NB-1, 
followed by local pro-inflammatory and pro-
apoptotic processes [86, 87]. 

The loss of intact CC-I does not only have an ef-
fect on the CC-II-to-CC-I ratio as an important 
variable for collagenase efficiency [63, 64], it also 

determines the amount of neutral proteases re-
quired for efficient pancreas dissociation [67]. In 
agreement with observations by the Groningen 
group [60], we found that human pancreases are 
efficiently digested, even in the absence of intact 
CC-I, as long as sufficient activities of supplemen-
tary proteases such as CNP or clostripain are pre-
sent [61, 62]. While CNP or TL may compensate 
the reduced activity of CC-I, these enzymes have a 
detrimental effect on islet viability, as discussed in 
section 3. 

5. Endogenous enzymes 

The detrimental effect of trypsin on islet mor-
phological integrity and functional capacity of 
beta-cells has been described for decades [88]. The 

    

    
 
Figure 3. Effect of low molecular weight CC-I isomers on islet isolation parameters. The figure shows the effect of low mo-
lecular weight CC-I isomers on islet yield (A), fragmentation index (B), viability (C), and graft function of isolated rat islets 
transplanted beneath the kidney capsule of diabetic nude mice (D). Islets were isolated utilizing 20 PZ-U of collagenase activ-
ity and 0.4 DMC-U of CNP activity. Nephrectomy (Nx) was performed at day 32 post-transplant as indicated. A-C: *p < 0.05, 
**P < 0.01, as indicated. D: *p < 0.05, **p < 0.01 vs. standard NB-1 and intact CC-I blend. 
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activation of intrinsic enzymes in the pancreas has 
been mainly related to the interruption of oxygen 
supply during pancreas retrieval, cold storage, and 
subsequent pancreas digestion. The increased pro-
duction of lactate by anaerobic glucose breakdown 
during hypoxia/anoxia causes intracellular acido-
sis, which is one of the main inducers of premature 
intracellular auto-activation of trypsinogen and 
subsequent activation of the enzyme cascade in 
acinar cells [89]. Since 90% of the proteins synthe-
sized by acinar cells are digestive enzymes, short 
periods of ischemia provide ‘ideal’ conditions to 
trigger autolytic processes within the pancreas 
[90-92]. The relevance of endogenous pancreatic 
proteases for islet function has also been exten-
sively assessed in ischemia/reperfusion-induced 
pancreatitis after organ preservation [93-95]. Islet 
survival during ischemia is aggravated because is-
lets are surrounded from acinar cells that are 
characterized by a higher density of zymogen 
granules compared to tele-insular cells. This histo-
logical arrangement makes islets particularly vul-
nerable to proteolytic damage [96, 97]. 

Several attempts had been undertaken to re-
duce the content of endogenous enzymes. Pre-
treatment of rats with pilocarpine induced a 
maximum discharge of enzyme granules that in-
creased islet yield after isolation several-fold [98, 
99]. At least in one study, pilocarpine treatment 
was applied in large mammals by injecting this 
compound into the pancreatic duct of pig pancre-
ases prior to enzyme administration via the same 
route. This protocol confirmed the findings in rats 
by quadruplicating pig islet yield [100]. 

Observations in the same species revealed the 
harmful effect of activated trypsin on islet isola-
tion outcome. When specific trypsin inhibitors such 
as Pefobloc were added to the intraductally per-
fused enzyme solution at a concentration of 1-4 
mmol/l, the morphological integrity of islets could 
be preserved during digestion, and higher islet 
yields were frequently isolated from the pig pan-
creas [101-104]. The protective effect of Pefabloc 
was also observed in isolated rat islets cultured in 
supernatants collected from rat pancreas digestion 
procedures. When 0.4 mmol/l Pefabloc was added 
to the digest supernatants, a time-dependent de-
crease of islet viability and morphological integrity 
could be prevented. Surprsingly, islet yield was not 
significantly improved by Pefabloc [105]. Using the 
same concentration of Pefabloc in human islet iso-
lation neither trypsin inhibition nor increased islet 
yield was observed. Nevertheless, Pefabloc seems 
to be effective in inhibiting chymotrypsin and elas-
tase activity [106, 107]. However, no correlation 

between endogenous enzymes released during hu-
man pancreas digestion and subsequent islet yield 
was found [108], which is in agreement with the 
observation that digest supernatants do not dam-
age incubated pig and rat islets [109]. Another 
study from the Edmonton group indicated that in-
hibition of trypsin by Pefabloc is effective in hu-
man pancreases when applied after prolonged cold 
ischemia [110]. In contrast, when islets were iso-
lated after prolonged cold storage of rat pancre-
ases, a dose-dependent detrimental effect of Pe-
fabloc on islet yield was measured [111]. Whether 
the discrepancies between different studies can be 
related to species-specific differences or to the per-
fusion of human pancreases with organ preserva-
tion solutions such as UW-solution remains to be 
clarified. 

Apart from the ischemia-induced activation of 
the intrinsic enzyme cascade, it has to be discussed 
whether certain components of collagenase enzyme 
blends have the capability to activate trypsin. In 
rat islet isolation, it was shown that TL strongly 
activates trypsin and chymotrypsin during pan-
creas digestion. Unexpectedly, CNP had no acti-
vating effect on these endogenous proteases [80]. 
These findings may serve as another proof for the 
superiority of CNP over TL [18]. Remarkably, 
when TL and neutral protease were combined with 
clostripain, a significant synergistic effect on the 
activation of endogenous proteases was measured 
[80]. Unfortunately, the study by Dendo et al. did 
not assess the activation of trypsin and chy-
motrypsin when clostripain was used without ad-
dition of other supplementary proteases. In our 
own studies, we observed a significant improve-
ment of islet yield and islet function measured in 
vitro and post-transplant when CNP was substan-
tially reduced for the digestion of long-term stored 
pig pancreases compared with freshly processed 
pancreases [112]. 

Although trypsin seems to be the most impor-
tant enzyme for subsequent activation of intrinsic 
pancreatic enzymes [113], other enzymes have to 
be considered for islet damage as well [114]. In 
this context, it should be mentioned that elastase 
was identified as the most harmful endogenous 
pancreatic enzyme when comparing the toxic po-
tency of lipase, phospholipase A2, trypsin, and 
chymotrypsin in the rat pancreas [115]. Early ex-
periments in the rat demonstrated that trypsin 
can be utilized as supplementary protease without 
affecting islet post-transplant function when the 
concentration of crude collagenase was simultane-
ously reduced [116]. This finding raised the ques-
tion whether the islet-damaging effect of trypsin 
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was overestimated, while neglecting the toxicity of 
the other components of the enzyme cascade. Nev-
ertheless, recent studies in cultured human islets 
confirmed the detrimental effects of activated 
chymotrypsin and elastase on morphological and 
functional integrity of islets [117]. 

Regardless of whether intrinsic or supple-
mented enzymes are the most harmful ones for is-
let integrity, most of the data available clearly 
suggest that prolonged pancreas diges-
tion/recirculation time correlates inversely with 
isolation outcome in terms of yield and viability 
[105, 108, 118-120]. Although the variables that 
define the harmfulness of the pancreas digestion 
milieu have not been fully characterized, it can be 
assumed that the main determinants of islet qual-
ity are hypoxia/anoxia inducing a rapid loss of in-
traislet ATP [105], the release of pro-apoptotic free 
fatty acids [121, 122], and the subsequent forma-
tion of peroxidation products [123, 124], particu-
larly when lipase and phospholipase A are present 
in the digest [125]. An effective way to protect is-
lets from damage is to minimize exposure time to 
enzyme and acinar metabolites and to immediately 
remove free islets from the digestion device, as 
demonstrated in pig and human islets [126, 127]. 

6. Extracellular matrix degradation 

An efficient and highly active enzyme blend 
quickly disperses all exocrine, ductal, and vascular 
components of the pancreas except the peri-insular 
basement membrane composed of different ECM 
proteins [20, 128, 129]. The basement membrane 
serves as an interface between islets, endothelial 
cells, and acinar cells via integrins and other cellu-
lar receptors [32, 130, 131], forming a protective 
barrier to preserve the morphological integrity of 
underlying islets during pancreas digestion [132]. 
In the human pancreas, collagen-IV and laminin-
511/521 have been characterized as the major 
components of the islet basement membrane. 
Laminin-511 and collagen-IV networks are con-
nected by nidogen bridging [133]. Collagen-IV is 
frequently interacting with collagen-VI to stabilize 
basement membranes in different tissues [134]. In 
own studies, we identified collagen-VI as the major 
subtype among several other peri-islet collagen 
subtypes assessed [135]. This finding is particu-
larly remarkable since collagen-VI is resistant to-
ward the activity of bacterial collagenases [136, 
137], suggesting a distinct protective morphologi-
cal wall during enzyme-mediated pancreas diges-
tion. Moreover, collagen-V, the second most 
strongly expressed collagen subtype in the human 

peri-islet basement membrane, can be degraded by 
CC-I, but not by CC-II [138]. This finding is in 
clear contradiction to the proposition that CC-II is 
the most relevant isoform for islet release when 
compared with CC-I [47, 59]. Even so, previous 
and recent histological studies have clearly dem-
onstrated that the basement membranes of iso-
lated mouse and human islets are substantially 
disrupted during islet isolation, implying that 
supplementary proteases are mainly involved in 
basement membrane degradation rather than dif-
ferent isoforms of collagenase. The major ECM 
proteins are completely lost after pancreas diges-
tion, and are not restored during subsequent islet 
culture, particularly if performed in serum-free 
culture media [139-141]. However, as nearly all in-
formation about function of collagenolytic enzymes 
has been gathered during in vitro experiments us-
ing collagen as an isolated substrate, our under-
standing about degradation of the pancreatic ECM 
is only unidimensional [142-144]. Currently, it is 
assumed that the digestion of ECM proteins 
within the pancreas is a gradual process that has 
to be initiated by neutral protease. Exposed native 
collagen is then cleaved by CC-I, which results in a 
loss of the triple helical structure of collagen. In 
the next step, CC-II digests the collagen molecules 
denatured by CC-I. Finally, collagen fragments are 
further degraded by neutral protease [21, 45]. 

Whether this hypothetic scenario gives a realis-
tic picture of collagenase function and that of other 
collagenolytic enzymes is questionable, because it 
does not consider the presence and degradation of 
ECM proteins other than collagen. A large gap ex-
ists in the knowledge about the digestion of com-
ponents such as laminin, perlecan, and nidogen. 
Detailed studies about the degradation of the hu-
man peri-islet basement membrane, which intend 
to fill this gap, have just started [141]. In accor-
dance with a recent report from the Tohoku group, 
we found that substantial differences exist be-
tween TL, CNP, and TLA to cleave recombinant 
laminin-511 in vitro. While neither CC-I nor CC-II 
used alone or in combination could degrade 
laminin-511, strong degradation was observed af-
ter treatment with TL and CNP. Surprisingly, the 
laminin-511 molecule remained nearly intact when 
treated with TLA alone [80, 145] (Figure 4). 

As the enzymatic degradation of laminin-511 
concerns the cleavage of the side chains (particu-
larly the α5-chain), anti-apoptotic signaling be-
tween basement membranes and integrins or other 
cellular receptors is interrupted after islet isola-
tion [32, 131, 139]. As a result, cells in general, 
and particularly islets detached from the basement 
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membrane, rapidly undergo apoptosis and lose 
functional capacity after isolation and subsequent 
culture [146-148]. In contrast, islets that are still 
embedded in a rim of acinar tissue seem to be 
characterized by a lower apoptosis rate and im-
proved function in vitro and post-transplant [149-
151]. The careful selection of enzymes that save 
essential components of the peri-islet ECM may be 
important for the frequent isolation of islets with 
preserved basement membrane. One potential ap-
proach for this purpose may be the combination of 
clostripain, preserving the integrity of laminin-
511, and dispase that acts specifically toward col-
lagen-IV and fibronectin [152]. 

7. Donor-specific enzyme blending 
The specific characteristics of the collagen net-

work within the pancreas of man, dog, pig, and 
rats, as described in initial histological studies [20, 
129], encouraged the development of enzyme 
blends specifically formulated by Roche for islet 
isolation from different species [23, 42, 54-56]. The 
enzyme composition was modified with respect to 
the ratio between protease and collagenase activity 
[153] adjusted according to the differentially ex-
pressed basement membrane which is fragmentary 
and weak in the pig, intermediate in the human 
pancreas, and strongly expressed over the entire 
perimeter of canine islets [128]. As a consequence 
of the morphological characteristics this ‘protease-
to-collagenase ratio’ is highest for the canine blend 
Liberase CI and low for the porcine mixture Lib-
erase PI [153]. Furthermore, Liberase PI was 
blended by adding dispase, a supplementary pro-
tease with a narrower specifity toward different 
collagen types than TL [28, 54, 76, 152]. 

While the manufacturing of species-specific en-
zyme blends may be important for research and 
pre-clinical studies, the development of enzyme 
blends, especially formulated according to different 
human donor variables, has not been realized until 

today. The non-existence of human donor-specific 
enzyme blends seems to be related to the lack of 
knowledge about the interaction between enzyme 
blends and pancreatic ECM, as discussed above. 

Donor variables, which may be of particular in-
terest for specific enzyme blending, are prolonged 
cold ischemia time, fibrotic pancreatic tissue, body 
mass index, or donation after cardiac death. How-
ever, the consideration of donor age seems to be 
most relevant for clinical islet isolation. The diffi-
culties of isolating sufficient numbers of islets from 
younger donor pancreases [119] potentially re-
duces the chances of being able to successfully re-
verse type 1 diabetes mellitus by transplanting is-
lets as islets from older donors are characterized 
by a lower metabolic potency than islets from 
younger donors [154-156]. Although similar yields 
of islets can be released from the pancreas of 
young and older donors, a substantial proportion of 
islets from young donors are still attached to exo-
crine tissue and lost during purification [157]. 

The reason for the incomplete separation of is-
lets from acinar tissue is unknown, but it is evi-
dent that the enzyme activity used for older donors 
is insufficient when applied in younger donors. As 
a consequence, the Baylor group doubled the en-
zyme concentration for intraductal administration 
by reducing the volume of the perfusion solution, 
and obtained a lower percentage of mantled islets 
[158], which is in accordance with the linear rela-
tionship between collagenase concentration and 
activity [159, 160]. The Milan group used a similar 
technique for the isolation from younger donors, 
injecting 44% of the enzyme solution prior to cold 
pancreas storage and 56% after arrival of the 
gland in the isolation facility. The standard treat-
ment group received only the second enzyme bolus 
[161]. For the isolation of islets from pediatric do-
nors, Balamurugan et al. increased the exposure 
time to the enzyme blend, and reduced substan-
tially the mechanical dissociation of the pancreas 
at the same time. In case of substantial exocrine 
embedding, a second incubation with enzymes was 
performed [162]. Another interesting approach was 
published by the Montreal group. When pancre-
ases from donors ≤25 years were digested by 
means of Liberase CI, a significantly higher islet 
yield was isolated than with Liberase HI. The 
main difference between the enzyme blends was a 
collagenase activity reduced by 50%, while TL ac-
tivity was increased by 30% in Liberase CI [163]. 
This observation demonstrates that a suitable 
formulation of collagenase and supplementary pro-
teases can facilitate islet isolation even from diffi-
cult donor tissues. 

 
 
Figure 4. Degradation of laminin-511 treated with different 
enzymes. Laminin-511 incubated with Hank’s balanced salt 
solution (HBSS) served as control. The picture is representa-
tive for three individual experiments [145]. 
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Nevertheless, the successful application of 
higher enzyme concentrations or longer incubation 
times appear to be in clear contradiction to bio-
chemical findings in human pancreases, demon-
strating a significant increase of total collagen con-
tent with age [36]. Another histo-morphological 
change, which can be generally observed in differ-
ent tissues of healthy humans, concerns a continu-
ous and substantial increase in the basement 
membrane thickness during ageing [164-166]. 
Whether the increased thickness of the peri-islet 
basement membrane is associated with an altered 
composition and structure is unknown, but initial 
comparisons of young and older pancreas donors 
did not reveal a significant difference regarding 
the proportional collagen-VI content [135]. Never-
theless, findings in other tissues found an age-
dependent change in the basement membrane con-
tent of collagen-IV and laminin [165, 166]. The 
age-related alterations in the ECM are multifacto-
rial and not completely understood. In principle, 
ageing is associated with an imbalance between 
regenerative capacity and oxidative stress caused 
by the increased release of reactive oxygen species 
[167]. A strong oxidation of susceptible amino acid 
residues within the ECM proteins can result in a 
cleavage of peptide bonds, and an instability and 
fragmentation of the ECM proteins [168, 169]. 
These structural changes may increase the acces-
sibility of collagenase and supplementary prote-
ases to ECM proteins, thereby contributing to the 
higher isolability of human islets from older do-
nors. 

8. Future perspectives 

Although significant progress has been made in 
the characterization and production of enzyme 
blends for islet isolation [23-29], numerous oppor-
tunities for improvement still exist in this field. 
The final goal of enzyme production, the long-term 
production of a consistent and standardized en-
zyme blend, has not been achieved to date. The 
most efficient way to control the production of 
Clostridium histolyticum collagenase and different 
neutral proteases is by the cloning and overexpres-
sion of individual proteins in suitable micro-
organisms [170]. The principal functionality of an 
enzyme blend, containing recombinant collagenase 
for human islet isolation, has been demonstrated 
in an initial pilot study more than a decade ago 
[171]. Unfortunately, the optimization of this pre-
liminary product was not pursued due to market-
ing reasons. Nevertheless, the production of re-
combinant enzyme blends has been recently re-

vived by Vitacyte. Remarkably, the Minneapolis 
group found that low concentrations of recombi-
nant collagenase are required to isolate human is-
lets successfully, even if varying proportions of CC-
I and CC-II are administered [66]. 

Ideally, the high standardization and stability 
of recombinant enzymes should be combined with 
a maximum of flexibility. The temporary availabil-
ity of a triple component product, individually pro-
viding natural CC-I, CC-II, and TL, demonstrated 
the potential of a modular enzyme product indi-
vidually blended according to the scope of applica-
tion [58, 64]. A recombinant modular enzyme 
product offers ideal options to create enzyme mix-
tures specifically formulated according to different 
donor variables, as discussed above. It is obvious 
that the efficient composition of three or even four 
different enzymes according to certain donor vari-
ables requires either an enormous amount of ex-
periences generated during numerous and costly 
‘trial and error’ experiments or detailed instruc-
tions based on structured research about the hu-
man pancreatic ECM. 

Even if these optimized enzyme products be-
come available, the environment generated during 
pancreas digestion will still be defined by an 
abundance of toxic metabolites such as pro-
apoptotic free fatty acids [121, 122], peroxidation 
products [123, 124], and anoxia [172, 173]. As the 
absence of oxygen is a significant contributor to is-
let cell death, pancreas digestion can be regarded 
as severe warm ischemia. Studies in rats and in 
the sensitive pig model clearly revealed that yield 
and viability of islets isolated from ischemically 
pre-damaged pancreases is significantly improved 
when the gland is digested at 20ºC and 30ºC, re-
spectively [174, 175]. According to the Q10 tem-
perature coefficient [176], the metabolic activity of 
islet cells at 30ºC and 20ºC is approximately 50% 
and 25%, respectively, when compared with nor-
mothermia at 37ºC [177, 178]. Because hypother-
mia mainly affects the preferred mitochondrial 
pathways of glucose breakdown, the demand for 
oxygen is also strongly decreased, and can slow-
down ischemically induced damage of hypoxic is-
lets [179]. 

The collagenase activity at 30% and 20ºC is de-
creased by approximately 40-50% and 65-75%, re-
spectively [174, 180, 181]. The reduced collagenase 
activity may be compensated by doubling and 
quadruplicating the amount of enzymes normally 
used at 37ºC digestion temperature. A less expen-
sive and more rationale mean of pancreas diges-
tion at 20ºC or even lower temperatures may be 
the application of collagenase from marine species 
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living in a hypothermic environment. The maxi-
mum collagenase activity extracted from muscle 
tissue of several fish species such as rainbow trout 
[182] or different cod species [183] was measured 
at a temperature of 20ºC. Another attractive en-
zyme for low temperature digestion is represented 
by a collagenolytic protease isolated from the ma-
rine bacterium Vibrio vulnificus. In comparison 

with the enzyme activity at 37ºC, the remaining 
protease activity at 10ºC reaches still 70% and of-
fers the possibility to perform pancreas digestion 
at temperatures normally used for cold organ stor-
age [184]. 
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