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Ultrathin Polymeric Coatings Based on Hydrogen-Bonded 
Polyphenol for Protection of Pancreatic Islet Cells
 Though transplantation of pancreatic islet cells has emerged as a promising 
treatment for Type 1 diabetes its clinical application remains limited due to a 
number of limitations including both pathogenic innate and adaptive immune 
responses. This paper reports on a novel type of multifunctional cytopro-
tective material applied to coat living pancreatic islets. The coating utilizes 
hydrogen-bonded interactions of a natural polyphenol (tannic acid) with 
poly(N-vinylpyrrolidone) deposited on the islet surface via non-ionic layer-
by-layer assembly. It is demonstrated that the coating is conformal over the 
surface of mammalian islets including those derived from rat, non-human pri-
mate (NHP), and human. In contrast to unmodifi ed controls, the coated islets 
maintain their viability and   ββ  -cell functionality for at least 96 hours  in vitro . 
It is also determined that the coating demonstrates immunomodulatory 
cytoprotective properties suppressing pro-infl ammatory cytokine synthesis in 
stimulated bone marrow-derived macrophages and diabetogenic BDC-2.5 T 
cells. The coating material combines high chemical stability under physiologi-
cally relevant conditions with capability of suppressing cytokine synthesis, 
crucial parameters for prolonged islet integrity, viability, and function  in vivo . 
This study offers new opportunities in the area of advanced multifunctional 
materials to be used for a cell-based transplantation therapy 
  1. Introduction 

 Type 1 diabetes is a chronic autoimmune disease representing 
a major health care problem worldwide. [  1  ]  The disease is caused 
by islet-reactive immune T cells that destroy insulin-producing 
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pancreatic   β  -cells. Transplantation of 
insulin-producing pancreatic islets (cell 
clusters) has been recognized as a prom-
ising approach for treating diabetes. [  2  ,  3  ]  
However, despite this opportunity, the 
clinical application of this approach 
remains limited. One of the challenges 
includes the isolation, viability, and func-
tionality of islets  in vitro . In the pancreas, 
endocrine cells of the islet clusters are 
separated from exocrine cells by a discon-
tinuous mantle of collagen fi bers defi ning 
their respective basement membrane. [  4  ]  
The individual islets are of 50–200  μ m in 
diameter and consist of individual cells 
with the insulin-producing   β  -cells among 
the main secretory cells of islets [  4  ]  During 
collagenase digestion of the pancreas for 
isolation of islets, disruption of the islet 
mantle results in heterogeneous islet 
preparations exhibiting various morpholo-
gies (fragmentation, fusion) under routine 
tissue culture conditions. [  5  ]  Attenuation of 
islet viability and/or functionality accom-
panies these morphological changes. [  5  ]  In 
addition, transplantation requires immu-
nosuppression strategies to protect the donor islets from the 
recipient’s immune responses and prevent transplant rejec-
tion. [  6  ]  Despite the fact that a range of immunosuppressive 
drugs have been developed for transplant patients, [  7  ]  the chronic 
use of these agents can have signifi cant side effects, including 
deleterious effects on glucose homeostasis and   β  -cell function 
as well as opportunistic infections in the recipient. [  8  ]  These 
issues have inspired the development of a number of strategies 
to modulate immunogenic reactions and stabilize islet mor-
phology and functionality, both  in vitro  and following transplan-
tation  in vivo . [  9  ,  10  ]  

 Two major approaches have been introduced such as micro-
encapsulation of the islet cells and modifi cation of islet cell 
surfaces. [  11–13  ]  Microencapsulation typically involves embed-
ding islets in solid matrices, allowing for the creation of a 
semi-permeable microenvironment around islets, capable of 
immune-modulation without compromising mass and oxygen 
transfer. [  14  ,  15  ]  For that, the islets are usually entrapped as clus-
ters in high-viscous alginate droplets stabilized with divalent 
ions of barium or calcium. [  16  ]  However, microencapsulation 
methods (emulsifi cation, discontinuous gradient density cen-
trifugation, and interfacial polymerization) result in entrapping 
3389wileyonlinelibrary.com

http://doi.wiley.com/10.1002/adfm.201200138


FU
LL

 P
A
P
ER

3390

www.afm-journal.de
www.MaterialsViews.com
of islet clusters in thick, 5–50  μ m, polymer coatings. [  17–20  ]  Such 
microencapsulated clusters often result in islet cell necrosis and 
do not permit regulation of the permeability properties of the 
coatings for modulation of cellular immune reactions caused 
by pro-infl ammatory cytokines. [  21  ,  22  ]  Similarly, recently devel-
oped polyethylene glycol hydrogels demonstrate facile control 
over porosity but the formed microbeads are large and present 
a barrier for rapid transport of oxygen, nutrients, and thera-
peutic factors. [1515]  Thus, new methods for the encapsulation of 
islets which do not increase the diameter of the transplant are 
required. In this respect, modifi cation of islet surfaces would be 
a powerful tool that can provide an artifi cial nurturing environ-
ment and preserve islet viability and function. [  6  ,  23  ,  24  ]  

 Islet surface modifi cation traditionally has involved covalent 
conjugation to islet cell surfaces. Recently, it has been suggested 
that polyethylene glycol (PEG) grafted onto a collagen matrix of 
isolated islets could inhibit pathways leading to islet graft rejec-
tion by reducing antibody/complement-mediated cytotoxicity. [  25  ]  
Activated PEGs were reacted with an amine group of the mem-
brane proteins on the islet surface [  26  ]  and were used for immo-
bilization of bioactive substances, such as albumin, to mask the 
surface antigen. [  27  ]  Using a bifunctional PEG linker, recombinant 
thrombomodulin was chemically attached to the surface of living 
islets in a two-step process with the purpose of creating a local-
ized anti-infl ammatory environment and reducing islet thrombo-
genicity. [  28  ]  Various amphiphilic polymers, such as PEG-conjugated 
phospholipid and polyvinyl alcohol carrying long alkyl chains 
were used to modify islet surface through hydrophobic interac-
tions. [  29–31  ]  However, these technologies are limited to the intro-
duction of specifi c functional small molecules that are compatible 
with cell physiology. [  32  ,  33  ]  Moreover, covalent immobilization does 
not permit long-term stability due to fast degradation of the con-
jugation bonds. [  29  ,  34  ]  Another important issue with this approach 
is the preservation of the islet integrity since loss of functionality 
directly correlates with islet morphology and was observed when 
islets dissociated or fused in suspension culture. [  35  ]  

 Layer-by-layer (LbL) assembly can be applied as an alterna-
tive technique for islet surface modifi cation. [  36  ,  37  ]  The tech-
nique is based on alternating LbL deposition of water soluble 
polymers on surfaces from aqueous solutions which results 
in nano-thin coatings of controllable thickness and composi-
tion. [  38  ,  39  ]  The ultrathin conformal coating affords a real-time 
response to various stimuli. Further, the opportunity to modify 
the protective ultrathin shell with other agents (e.g., biological 
response modifi ers) capable of a subsequent slowly triggered 
release can be achieved. [  40  ]  By selecting specifi c polyelectro-
lytes, a defi ned molecular cut-off of the coating is possible, as is 
inhibitor binding to prevent graft rejection, macrophage attack, 
or antibody recognition. [  41  ]  Current LbL studies mostly focus on 
electrostatically-bound systems in which positively and nega-
tively charged polymers are used for the assembly. Despite the 
signifi cant promise of the LbL strategy for islet modifi cation, 
the main drawback of the approach is cytotoxicity of the polyca-
tionic compounds. [  42  ,  43  ]  Although the cytotoxic effect of poly(L-
lysine) (PLL) and poly(ethylene imine) can be reduced by var-
ying polycation concentration, exposure time, and introducing 
PEG grafts, polycation-based systems are still challenging for 
islet modifi cation due to a narrow window of the cytocompat-
ible graft-copolymers. [  44  ,  45  ]  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
 In this regard, a hydrogen-bonded LbL approach suggests 
new opportunities for cytocompatible protective strategies. [  46  ,  47  ]  
The LbL assembly driven by hydrogen bonds has emerged as a 
powerful technique allowing inclusion of polymers which carry 
no charge. [  48–51  ]  Hydrogen-bonded multilayer fi lms based on 
tannic acid (TA) have been recently found to be stable at physi-
ological conditions. [  52  ,  53  ]  TA is a natural polyphenol, which has 
long been known for its antioxidant, and antibacterial proper-
ties. [  54  ,  55  ]  The ability of polyphenols to scavenge free-radicals [  56  ]  
and inhibit radical-induced oxidation of adjacent molecules [  57  ,  58  ]  
can be benefi cial for anti-oxidative activities of TA-containing 
protective coatings. These features are particularly important 
since most infl ammatory processes are associated with oxida-
tive stress [  59  ,  60  ]  initiated by production of reactive oxygen spe-
cies (ROS). ROS can function as signaling molecules in many 
cell types. [  61  ]  Activation of macrophages and T cells by oxidative 
stress results in the secretion of pro-infl ammatory cytokines and 
contribute signifi cantly to the progression of immune system 
activation and infl ammation. [  62  ]  Traditionally, immunomodu-
latory compounds have been directly injected into tissues. [  63  ]  
There are only few studies with active compounds immobilized 
around islet surfaces. [  64  ,  65  ]  However, the studies are limited to 
covalent conjugation to islet surface or co-polymerization into 
gels on the islet surfaces, [  66  ]  both of which require complicated 
synthetic procedures performed in the presence of islets which 
might compromise islet cell functionality. 

 Here, we report on a novel type of cytoprotective coating 
designed through hydrogen-bonded interactions of a natural 
polyphenol (TA) with poly(N-vinylpyrrolidone) (PVPON) depos-
ited via LbL assembly. The approach utilizes advantages of LbL 
technique, but unlike current strategies allows for the material 
capable of modulating adaptive immune responses, crucial for 
cell enhanced viability and prolonged function during trans-
plantation. In contrast to the currently available approaches 
based on LbL, our protocol (a) involves non-cationic non-toxic 
compounds; (b) the compounds can be modifi ed “off-line” 
and later used for direct deposition on islet surface. We dem-
onstrate that the coatings are conformal over various types of 
islets including those derived from rat, non-human primate 
(NHP), and human. All coated islets maintained their viability 
and   β  -cell functional capacity for at least 96 hours  in vitro . The 
coatings also demonstrated newly acquired immunomodula-
tory effects by suppressing Th1 pro-infl ammatory cytokine syn-
thesis, the feature critical for islet transplantation. [  67–69  ]    

 2. Results and Discussion 

 Conformal coating of living islets with the hydrogen-bonded 
(PVPON/TA) n  multilayer fi lm, where  n  denotes the number 
of deposited bilayers, has been established as schematically 
illustrated in  Scheme    1  . First, a layer of non-ionic PVPON 
was adsorbed onto the surfaces of islets followed by adsorp-
tion of TA. After each deposited layer, islets were collected by 
centrifugation and washed with media solution (see Experi-
mental). Alternating polymer deposition onto islets was con-
tinued until the desired number of layers was formed. Our 
results with rat islets demonstrate the uniformity and integ-
rity of a (PVPON/TA) 4 PVPON fi lm, as observed with confocal 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3389–3398
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     Scheme  1 .     Left panel: Chemical structures of tannic acid (TA) and poly(N-vinylpyrrolidone). 
Right panel: Islet encapsulation in a hydrogen-bonded (PVPON/TA) n  multilayer using the 
layer-by-layer assembly. The fi rst PVPON layer was deposited on the islet surfaces through 
hydrogen-bonded interactions between collagen and PVPON followed by assembly of the TA 
layer. The layers of PVPON and TA were assembled stepwise until the (PVPON/TA) n  multilayer 
was formed.  
microscopy ( Figure    1  a). Importantly, the multilayer growth was 
possible without priming the islet surfaces with any polycati-
onic polymer which has been shown to be detrimental for islet 
viability. [  70  ]    

 Direct adsorption of PVPON was achieved through non-
covalent hydrogen-bonded interactions between the collagen 
and/or proteins on the islet surfaces and PVPON. [  26  ]  Specifi cally, 
the pyrrolidone rings in PVPON contain a proton accepting car-
bonyl group while collagen contains carbonyl moieties and N-H 
groups (amide bonds) and hydroxyl groups as side groups which 
are responsible for formation of hydrogen bonds. [  71  ]  These 
interactions have been confi rmed earlier using FT-IR and DSC 
techniques and viscosity measurements. [  72  ]  The TA layer was 
formed on the PVPON-coated islet surfaces through hydrogen-
bonding interactions of the hydroxyl groups on TA and carb-
onyl groups of PVPON. [  52  ]  For fl uorescent visualization of the 
(PVPON/TA) coating using confocal microscopy, we synthe-
sized PVPON copolymer containing 5% of amine-bearing units 
using a free radical copolymerization (Figure S1, Supporting 
     Figure  1 .     Confocal microscopy images of rat (a), NHP (b), and human (c) islets coated with 
(PVPON/TA) 4 PVPON multilayer conformal coatings. Fluorescently labeled PVPON  ∗   was 
assembled in the last bilayer of the coating. The scale bars are 100  μ m (a), 50  μ m (b), and 
100  μ m (c).  
Information). The PVPON copolymer has 
been labeled with Alexa Fluor® 488 carbox-
ylic acid succinimidyl ester fl uorescent dye to 
produce fl uorescently tagged PVPON  ∗   which 
was adsorbed in the outermost bilayer. We 
have demonstrated that PVPON can be fl uo-
rescently labeled through an introduction of 
reactive functional groups, primary amines, 
along the PVPON polymer backbone fol-
lowed by their reaction with the fl uorescent 
dye. Consequently, PVPON can be easily 
modifi ed with various required functionalities 
“off-line” (e.g. through PEGylation), and later 
used for direct deposition on cell surfaces. To 
provide evidence that the fi rst PVPON layer 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 3389–3398
was adsorbed to the islet surface, islets were 
coated with one PVPON  ∗   layer (Figure S2, 
Supporting Information). The fl uorescent 
polymer was allowed to adsorb on the islet 
surfaces for 3 min followed by triple rinsing 
of the islets with PBS to remove unbound or 
loosely bound polymer chains from coated-
islet suspension and the islets were imaged 
using confocal microscopy. As can be seen 
from Figure S2, evenly distributed fl uores-
cence from the islet surfaces can be observed 
confi rming the deposition of the PVPON  ∗   
layer which can further promote (PVPON/
TA) n  multilayer construction. 

 To establish conditions for homoge-
neous cytocompatible coating of the islets, 
a series of islet coating studies were per-
formed. We found that PVPON homopol-
ymer with an average molecular weight of 
1,300,000 g mol  − 1  and TA with concentra-
tions in the range of 0.3–1.0 mg mL  − 1  for 
PVPON and 0.3–0.5 mg mL  − 1  for TA could be 
used. We also found that TA, when deposited 
as the fi rst layer on the islet surfaces instead 
of PVPON, also provided the successful 
hydrogen-bonded (TA/PVPON) multilayer coating. Indeed, 
polyphenols can bind to proteins present at the cell membranes 
through formation of multiple hydrogen bonds between phe-
nolic hydroxyl groups of TA and the carbonyl functionalities of 
the protein peptide bonds. [  73  ]  A high binding ability of TA to the 
cell surface proteins is due to eight TA galloyl groups that pro-
mote strong hydrophobic and hydrogen-bonding interactions 
with cell surface proteins. [  74  ]  We found no effect of the fi rst 
layer on cell viability, which indicated that those strong interac-
tions between TA and cell membranes were not harmful to the 
islets (Figures S3, S4, Supporting information). Similar results 
on cytocompatibility of the (TA/PVPON) coating with TA as the 
fi rst layer were previously found; and the viability of encapsu-
lated yeast cells of 94% was reported [  75  ,  76  ]  

 We then explored whether pancreatic islets from different 
species can be coated through hydrogen-bonded based LbL of 
(PVPON/TA). Islet preparation from human cadaveric donors, 
NHP, and rats were isolated by the Islet Resource Facility of 
the UAB Comprehensive Diabetes Center (IRF-UCDC) using 
3391wileyonlinelibrary.comeim
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     Figure  2 .     Confocal microscopy images of control non-coated (a1, a2, a3) and (PVPON/
TA) 6 PVPON–coated (b1, b2, b3) non-human primate islets. (c1, c2, c3) CLSM images of the 
coated islets with higher magnifi cation demonstrating the conformal coating. The left and middle 
images are taken using 405 nm (‘blue’ channel) and 488 nm (‘green’ channel) laser sources 
and emission was collected through bandpass fi lters for wavelengths between 410-506 nm 
and 494-543 nm, respectively. The right panels are their combined images. The scale bars are 
50  μ m (a3), 40  μ m (b3), and 30  μ m (c3).  
standard protocols. As shown in Figures  1 b,  1 c, both NHP (b) 
and human (c) islets were effectively coated with (PVPON/
TA) 4 PVPON fi lm. The background fl uorescence seen in the 
images is due to autofl uorescence from Miami Medium #1 used 
as solvent for polymers (Figure S5).  Figure    2   shows confocal 
images of uncoated (control) and (PVPON/TA) 6 PVPON-coated 
NHP islets cultured in Miami Medium #1A. The blue channel 
images (Figures  2 a1,  2 b1,  2 c1, see Experimental) in both cases 
are due to the autofl uorescence from the islets themselves pre-
sumably from the media aminoacid components, while in the 
     Figure  3 .     TEM images of non-coated (a) and (PVPON/TA) 4 PVPON-coated (b) NHP islets. The 
arrows point to the edges of the islet. The scale bars are 100 nm in both images.  
green channel (see Experimental) the fl uo-
rescence from the coating containing labeled 
PVPON  ∗   is clearly seen (Figures  2 b2,  2 c2). 
A higher magnifi cation CLSM image of the 
coated islet in Figure  2 c2 demonstrates the 
conformal (PVPON/TA) 6 PVPON fi lm on the 
islet surface.  

 The hydrogen-bonded (PVPON/TA) n  fi lm 
growth was investigated on fl at substrates for 
polymer deposition from Miami Medium#1 
by spectroscopic ellipsometry. The ellipsom-
etry data revealed almost a linear growth pro-
fi le with 4.2  ±  0.4 nm bilayer thickness in dry 
state (Figure S6, Supporting information). 
The value is almost two times higher than 
that earlier reported for (PVPON/TA) fi lms 
assembled at pH  =  7.5 from low salt buffer 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We
solutions. [52]  However, increase in the bilayer 
thicknesses for the (PVPON/TA) fi lm was 
observed for high salt conditions which is the 
case for this study when the multilayer for-
mation was performed in Miami Medium #1 
(ionic strength  >  0.1 M). The thickness of the 
(PVPON/TA) 4 PVPON fi lms in the hydrated 
state was explored using  in situ  spectroscopic 
ellipsometry. The data reveals almost 60% 
thickness increase due to hydration when 
the fi lms were immersed in PBS solution 
at pH 7.4 for 1 hour (Figure S6, Supporting 
information). 

 The presence of the (PVPON/TA) 4 PVPON 
coating was further confi rmed with transmis-
sion electron microscopy (TEM).  Figure    3   
compares the outer surfaces of unmodifi ed 
and modifi ed NHP islets (Figures  3 a and 
 3 b, respectively). The TEM images demon-
strate the presence of the conformal coating 
on the surface of coated islets. The (PVPON/
TA) 4 PVPON fi lm thickness obtained from 
the TEM analysis resulted in 34  ±  8 nm. 
This value corresponds to 7 nm per bilayer 
and correlates well with the ellipsometry data 
obtained on the planar surfaces (Figure S6).  

 An important issue relates to the coating 
stability over the anticipated lifetime of the 
islet graft. To examine the stability of the 
fi lm under  in vitro  conditions, islets were 
coated with (PVPON/TA) 4 PVPON fi lm with 
a fl uorescent layer of PVPON  ∗   deposited on 
top of the coated islets and cultured  in vitro  in Miami Medium 
#1A. The islets were harvested at various days and analyzed 
using confocal microscopy. Confocal microscopy images in 
 Figure    4   revealed conformal coating, demonstrating that the 
(PVPON/TA) 4 PVPON fi lm persisted on the islet surfaces for at 
least 7 days afterwards. No change in fl uorescence intensity of 
the coated surfaces was found on Day 1 (day of coating) and Day 
7 indicating stability of the coating for 7 days (intensity profi les 
in Figure  4 ). A slight increase in intensity observed inside the 
islet on Day 7 can be explained by the autofl uorescence from 
inheim Adv. Funct. Mater. 2012, 22, 3389–3398
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     Figure  4 .     Top: Confocal microscopy images of (PVPON/TA) 4 PVPON-coated NHP islets on 
the day of coating (Day 1) and after being in culture for 7 days (Day 7) in Miami Medium #1A 
at 25  ° C. Bottom: Fluorescence intensity profi les from the (PVPON/TA) 4 PVPON-coated NHP 
islets cultured in Miami Medium #1A on Day 1 and Day 7.  
the Miami Medium #1A (Figure S5) as well as by the autofl uo-
rescence related to cells metabolism. [  34  ]  Three-dimensional 
reconstruction of confocal microscope images in  Figure    5   dem-
onstrate evenly distributed fl uorescence over the surface of the 
(PVPON/TA) 4 PVPON- coated islets on the day of coating and 
after being in culture for 7 days.   

 Importantly, although different types of mammalian islets 
contain similar types of cells, the islet architectures are dif-
ferent. [  78  ]  For instance, insulin-producing   β  -cells of rodent islets 
form an inner core of the islet with other secretory cells on the 
periphery, while in human islets   β  -cells are interspersed with 
other cells more on the islet periphery. [  78  ]  Due to these morpho-
logical differences, it was crucial to check if the presented sur-
face modifi cation affects the viability of different types of mam-
malian islets, both rodent, which are mainly used as research 
models, and human. We explored the viability of rat, NHP and 
     Figure  5 .     3D reconstruction of confocal microscopy images of (PVPON/TA) 4 PVPON-coated 
NHP islets on the day of coating (Day 1) and after being in culture for 7 days (Day 7) in Miami 
Medium #1A at 25  ° C. Scale bars are 150  μ m.  
human islets after coating using the FDA/PI 
viability assay. FDA is cleaved in viable cells 
and releases a green fl uorescent molecule, 
while a red fl uorescent molecule, PI, can 
enter only non-viable cells. Based on that, we 
analyzed the viability of islets before and after 
coating. In addition, in this work we adopted 
a simple centrifugation method (3 min depo-
sition time at 2000 rpm) for the islet coating 
protocol. This method prevents loss of islets 
during polymer deposition unlike previ-
ously reported fi ltration-based methods. [  24  ,  45  ]  
 Figure    6   confi rms that the viability of islets 
coated with the (PVPON/TA) 4 PVPON protec-
tive fi lm was not reduced by the centrifuga-
tion method. The viability results for coated 
islets were statistically indistinguishable 
from those for uncoated islets regardless of 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3389–3398
species type. The result also indicates cyto-
compatibility of the non-ionic PVPON and 
TA assembled on surfaces of the islets using 
hydrogen-bonded LbL assembly method. No 
change in the viability of coated islets was 
found after 4-day culture in Miami Medium 
# 1A (Figures S4c and S4d).  

 The preservation of appropriate islet func-
tional capacity is critical for successful devel-
opment of a protective strategy. There exists a 
possibility when the protective coating, while 
not adversely infl uencing cell viability, may 
hamper transport of hormones, e.g., insulin, 
across the fi lm reducing islet function. [  79  ]  To 
evaluate functionality of the modifi ed islets, 
we compared the insulin release in static 
incubation by non-coated and (PVPON/
TA) 4 PVPON-coated islets as a function of 
time in response to variations in glucose 
concentration. The glucose concentration of 
3.3 mM refers to a low glucose (basal glucose) 
level, while 16.7 mM glucose concentration is 
referred to as a high glucose level. As shown 
in  Figure    7  , after 24 hour culture  in vitro  (Day 
1), both control (non-modifi ed) and coated 
islets exhibited similar insulin secretion level in response to the 
basal glucose solution, while the insulin response to the high 
glucose was higher for (PVPON/TA) 4 PVPON-coated islets. A 
signifi cant difference in islet functionality was observed after 
96 hours  in vitro . While islets coated with the hydrogen-bonded 
(PVPON/TA) 4 PVPON fi lm preserved their functional capacity, a 
signifi cant decrease in stimulation index for the untreated islets 
was observed (Figure  7 ). Such a protective effect of the fi lm can 
be attributed along with the cytocompatibility of the coating to 
the ability of the fi lm to retain islet morphological integrity in 
suspension culture (e.g., less fragmentation and fusion).  

 We explored the immunomodulatory effect of the PVPON/
TA fi lm based on the idea of a high biological activity of 
TA. [  54  ,  55  ,  57  ]  The immunomodulatory properties of the coating 
were studied by investigating the effect of (PVPON/TA) 4  
hollow shells on three types of pro-infl ammatory cytokines 
3393wileyonlinelibrary.comheim
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     Figure  6 .     Viability of non-coated (control) and (PVPON/TA) 4 PVPON-
coated rat (blank), NHP (dashed), and human (fi lled) islets assayed on 
the day of coating (within 6 hours after fi lm deposition).  

     Figure  7 .     Top: Glucose-stimulated insulin release from control (non-
coated) and (PVPON/TA) 4 PVPON-coated rat islets in response to an 
increase in glucose concentration from 3.3 mM to 16.7 mM after 24 hours 
(Day 1) and after 72 hours (Day 4) in vitro in Miami Medium 1A at 25  ° C. 
Bottom: Stimulation index of the islets on Day1 and Day 4.  
synthesized in stimulated bone marrow-derived macrophages 
and diabetogenic BDC-2.5 T cells. The shells of (PVPON/TA) 4  
were prepared as hollow replicas of 4- μ m silica particles coated 
with (PVPON/TA) 4  multilayers under the conditions used for 
islet coating (see Experimental). CLSM and SEM images of the 
shells are presented as Figures S6, S7 in Supporting Informa-
tion). First, the effect of the shells on synthesis of lymphocyte 
maturation factor IL-12p70 was tested ( Figure    8  A). For that, 10 8  
of (PVPON/TA) 4  shells (counted per 200  μ L DMEM) were co-
cultured in the presence of bone marrow-derived macrophages 
stimulated with 100 ng mL  − 1  of liposaccharide (LPS). The 
results were compared with IL-12p70 synthesis in a shell-free 
environment. Presence and absence of LPS and/or shells in cul-
turing media are denoted as ‘ + ’ and ‘−’, respectively (Figure  8 A). 
As seen from Figure  8 A, no IL-12p70 is produced in the 
absence of LPS in shell-free media. Adding LPS into shell-free 
media results in synthesis of 14  ±  2 pg/mL of IL-12p70. In 
drastic difference, a 10-fold decrease in the IL-12p70 synthesis 
is observed in the presence of (PVPON/TA) 4  shells. The con-
centration of synthesized IL-12p70 was found to be inversely 
proportional to the amount of shells in the culture media. 
A decrease in the amount of shells from 1  ×  10 8  to 0.5  ×  10 8  
leads to the increase in IL-12p70 cytokine concentration from 
0.6  ±  0.2 to 4.0  ±  0.6 pg/mL (Figure  8 A). Note that 10 8  shells 
do not support any cytokine synthesis in LPS-free media indi-
cating non-immunogenicity of (PVPON/TA).  

 The (PVPON/TA) shells were then examined for synthesis 
of interferon-gamma (IFN- γ ) and interleukin-2 (IL-2) cytokines, 
indicative of T cell adaptive immune activation and proliferative 
capacity, respectively. The syntheses of cytokines were studied 
by using diabetogenic BDC-2.5 T cells (Figures  8 B and  8 C). The 
BDC-2.5 T cells, also known as autoreactive CD4  +   T cells, can 
rapidly transfer Type 1 diabetes into susceptible mice by synthe-
sizing pro-infl ammatory T helper type 1 (Th1) cytokines involved 
in   β  -cell destruction and macrophage recruitment. [  67–69  ]  To 
examine synthesis of IFN- γ  and IL-2 cytokines, BDC-2.5 spleno-
cytes were stimulated with their cognate BDC-2.5 mimotope 
antigenic peptides in the presence or absence of (PVPON/TA) 4  
394 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
shells (Figures  8 B and  8 C). No IFN- γ  and IL-2 cytokines are pro-
duced in the mimitope-free media in the absence and presence 
of shells which correlates well with the results observed in the 
case of IL-12p70 cytokine in LPS-free media (Figure  8 A). We 
found that synthesis of mimotope-stimulated IFN- γ  was sup-
pressed in the presence of shells, similar to the LPS-stimulated 
IL-12p70 synthesis. In this case, three-fold decrease in IFN- γ  
concentration is observed in the presence of 10 8  shells as com-
pared to shell-free media (Figure  8 B). In contrast, no signifi cant 
change in IL-2 synthesis is found under the same conditions 
(Figure  8 C). 

 Our results on immunomodulatory properties of the 
hydrogen-bonded coatings indicate that the shells themselves 
are not immunogenic, as they do not induce synthesis of the 
cytokines in the absence of stimulators. Importantly, the shells 
drastically suppress synthesis of IL-12p70 (ten-fold) and IFN- γ  
(four-fold) in stimulated macrophages and diabetogenic BDC-
2.5 T cells, that recognize chromogranin A, an insulin secretory 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3389–3398
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     Figure  8 .     Effect of (PVPON/TA) 4  shells on Th1 pro-infl ammatory cytokine 
synthesis in stimulated bone marrow-derived macrophages and diabe-
togenic BDC-2.5 T cells. NOD bone marrow-derived macrophages stimu-
lated with 100 ng mL  − 1  LPS in the presence of (PVPON/TA) 4  shells for 
24 hours exhibited a decrease in IL-12p70 synthesis (A). BDC-2.5 T cells 
(5  ×  10 5 ) stimulated with 1  μ M BDC-2.5 mimotope in the presence or 
absence of 10 8 −10 3  (PVPON/TA) 4  shells for 96 hours exhibited a decrease 
in IFN- γ  (B), but no change in IL-2 synthesis (C). Results are representa-
tive of 3 independent experiments performed in triplicate.  ∗  ∗  indicates p 
 <  0.05.versus the control group.  
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granule, [  80  ,  81  ]  respectively. IL-12p70 cytokine was found to 
produce IFN- γ  by promoting formation of T helper type 
1 (Th1) effector cells from naïve CD4  +   T cells. [  82–86  ]  Since IFN-
 γ  can mediate islet graft rejection, [  87  ,  88  ]  transplanted islets with 
(PVPON/TA) coating should signifi cantly decrease risk of the 
islet rejection because of the suppressed syntheses of IL-12p70 
and IFN- γ  discussed above. At the same time, the coating does 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3389–3398
not affect synthesis of IL-2, thus, is not decreasing the T cell 
proliferation unlike other approaches for the increase of immu-
noprotective properties of the coating when immunosuppres-
sive molecules promote T-cell apoptosis. [  89  ]  Indeed, suppression 
of the T cell proliferation would be undesirable since a non-spe-
cifi c suppression of the immune system can result in serious 
chronic side effects including increased risk of infection .  [  88  ]  Fur-
ther experiments elucidating the mechanism of the observed 
suppression of the cytokine synthesis are currently underway.   

 3. Conclusions 

 This study demonstrates that non-ionic hydrogen-bonded LbL 
technology can be applied for coating individual, living pan-
creatic islets. The protocol can be used as a more effective 
approach as opposed to ionic LbL-based method. We found that 
the hydrogen-bonded method developed here allows for con-
formal coating of the islet surface under physiological condi-
tions in a rapid and effi cient manner without interfering with 
the viability and function of the insulin-producing   β  -cells. Based 
on our results we conclude that the coating is (a) conformal 
with uniform coverage over the whole islet surface; (b) stable 
for at least 7 days  in vitro ; (c) non-toxic and non-immunogenic; 
(d) has no effect on islet viability and function; (e) can be easily 
modifi ed with functional molecules, for example, a fl uorescent 
Alexa 488 carboxylic acid succinimidyl ester; (f) can be applied 
to islets derived from rat, NHP, and human; and (g) can sup-
press synthesis of the pro-infl ammatory cytokines involved in 
modulation of both innate and adaptive immune responses  in 
vivo . A decrease in Th1 cytokine responses was observed when 
antigen-stimulated BDC-2.5 T cells and LPS-stimulated bone 
marrow-derived macrophages were co-treated with (PVPON/
TA) 4  hollow multilayer shells, suggesting the effi cacy of this 
encapsulation strategy to provide physical islet protection and 
prevent effi cient autoreactive T cell responses. The proposed 
materials are adaptable for further functionalization and can be 
coupled with various active reagents (e.g. catalytic antioxidants, 
insulinotropic and immunoisolation moieties) thus opening 
new avenues in the area of advanced islet transplant materials.   

 4. Experimental Section  
 Materials : Poly(N-vinyl-pyrrolidone) (PVPON), (average  M  w  

1 300 000 g mol  − 1 ), tannic acid (TA) ( M  w  1700 g mol  − 1 ), mono- and dibasic 
sodium phosphate, N-vinyl-pyrrolidone (VPON), N-(tert-butoxycarbonyl-
aminopropyl)methacrylamide ( t BOC), was from Polysciences, Inc. Alexa 
Fluor® 488 carboxylic acid succinimidyl ester (Ex/Em  =  488/510 nm) 
was purchased from Invitrogen. Ultrapure (Siemens) fi ltered water 
with a resistivity of 18.2 M Ω  cm was used for preparation of buffered 
solutions. Initiator, 2, 2 ′ -Azobis(2-methylpropionitrile) (AIBN), was 
purchased from Sigma-Aldrich and re-crystallized from methanol at 
30  ° C before use. Miami Medium #1 and #1A were from Mediatech, Inc. 
BDC-2.5 mimotope peptide (EKAHRPIWARMDAKK) was synthesized by 
Proimmune. Silica microparticles of 4  μ m in diameter were purchased 
from Polysciences Inc.  

 Islet isolation : Islets were isolated from Lewis rats (males, weighing 
250-300g, Harland Laboratories, Indianapolis, IN, USA), cadaveric human 
donors, and Rhesus Macaques (NHP) by collagenase digestion. [  90  ]  After 
digestion, islets were isolated by discontinuous density gradient (Ficoll) 
purifi cation and individually hand-picked under a dissection microscope. 
3395wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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All islet samples were cultured at 37  ° C in an atmosphere of 95% air 
and 5% CO 2  in Miami Medium #1A (Mediatech, Indianapolis, IN, USA) 
supplemented with 10% FCS and ciprofl oxacin (1.0  μ g mL  − 1 ).  

 Conformal Coating of Islets with Hydrogen-Bonded (PVPON/TA) n  
Multilayer Film : Islet coating was performed at 25  ° C. Before deposition 
of (PVPON/TA) n  multilayer coating, where  n  denotes the number of 
deposited bilayers, islets were pelleted in 1.5 mL Eppendorf centrifuge 
tubes and washed two times with rinsing solutions of Miami Medium 
#1. PVPON was allowed to adsorb fi rst onto islet surfaces from 1 mg 
mL  − 1  solution (Miami Medium #1, pH  =  7.4) for 3 min followed by the 
deposition of TA layer from 0.3 mg mL  − 1  solution (Miami Medium #1, 
pH  =  7.4) for 3 min. After each deposited layer, islets were collected by 
centrifugation for 2 min at 2000 rpm and washed two times with the 
rinsing solution (Miami Medium #1). Alternating coating of islets with 
the polymers was continued until the desired number of layers was 
achieved. To visualize the (PVPON/TA) n  coating, confocal laser scanning 
microscopy (CLSM) was employed. Fluorescently labeled PVPON  ∗   (  ∗  Alexa 
Fluor 488 carboxylic acid succinimidyl ester, see Supporting Information 
for details of labeling) was used during the deposition of the outermost 
bilayer. All solutions were fi lter-sterilized with polystyrene non-pyrogenic 
membrane systems (0.22  μ m pore size) (Corning) before use.  

 Confocal Laser Scanning Microscopy (CLSM) : Presence of the (PVPON/
TA) n  conformal multilayer coating on islets was confi rmed with confocal 
microscopy. A well of a chambered coverglass (Lab-Tek, Electron 
Microscopy Sciences) was fi lled with suspension of coated islets. 
Confocal images of non-coated (control) and coated islets were obtained 
with a LSM Zeiss 710 inverted confocal microscope equipped with 10x 
and 20x objective lenses (Zeiss, Germany). Before imaging, islets were 
rinsed several times with PBS to reduce auto-fl uorescence from the 
media. For visualization of (PVPON/TA) n  PVPON  ∗   fi lms surrounding 
the islets, the fl uorescence excitation was carried out through a 405 nm 
(‘blue’ channel) and 488 nm (‘green’ channel) laser sources and emission 
was collected through bandpass fi lters for wavelengths between 410–506 
nm and 494-543 nm, respectively.  

 Transmission Electron Microscopy (TEM) : TEM imaging of control and 
(PVPON/TA)-coated islets was performed using a FEI-Tecnai T12 Spirit 
TWIN 20-120 kV electron miscroscope with AMT digital camera. Sample 
fi xation and staining were done on the 3d day after islet coating with 2% 
formaldehyde and 1% osmium tetroxide in PBS buffer (0.1 M). Islets 
were dehydrated with ethanol (50-100%) and suspended in LR White™ 
resin system (100% ethanol, 1:1 v/v) (Electron Microscopy Sciences).  

 Islet Viability Assay : Viability of the non-coated and coated islets 
was assessed immediately following coating (within 6 hours after fi lm 
deposition) and after 4 days  in vitro  (Miami Medium #1A, 25  ° C). To 
evaluate the viability of individual islets coated with the hydrogen-
bonded (PVPON/TA) fi lms, control or coated islets were stained with 
propidium iodide (PI) and fl uoresceine diacetate (FDA) according 
to established protocols. [  91  ]  A FDA stock solution was prepared by 
dissolving FDA (10 mg) into acetone (2 mL). The FDA stock solution 
was stored at −20  ° C. For viability test, 10  μ L of FDA stock solution were 
diluted with 990  μ L of phosphate buffered saline (PBS). PI (1 mg mL  − 1 , 
Invitrogen) was prepared each time to be used immediately, as 50  μ L 
of solution were diluted with 450  μ L of PBS. For viability staining each 
sample was immersed in a mixture of 2 mL PBS, 10  μ L of diluted PI, and 
20  μ L of diluted FDA. Stained islets were imaged with a Nikon TE 2000-S 
fl uorescence microscope equipped with a Nikon high pressure mercury 
arc lamp. Fluorescein that de-acetylated from FDA through non-specifi c 
esterases in the cytoplasm of living cells was observed under a green 
fl uorescent fi lter, while PI stained nucleic acids of dead cells under red 
fl uorescent fi lter. Optical micrographs were converted to binary images 
comprised of red and green pixels and analyzed using Image J software 
to quantify the number of pixels corresponding to live (green) and dead 
(red) cells. Viability is calculated as the percentage of total pixels that are 
green and an average viability is determined by performing this analysis 
on 20–25 images of individual islets.  

 Glucose Stimulated Insulin Secretion (GSIS):  Functional capacity of the 
coated islets in comparison to uncoated islets was assessed through 
GSIS in 1 and 4 days after coating. All samples were pre-incubated in 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
low glucose Krebs-Ringer bicarbonate buffer (low glucose KRB) (25 mM 
HEPES, 115 mM NaCl, 24 mM NaHCO 3 , 5 mM KCl, 1 mM MgCl 2 , 
2.5 mM CaCl 2 , 0.1% bovine serum albumin, 3 mM D-glucose, pH 7.4) 
to eliminate residual insulin. Subsequently, samples were transferred 
to 1 mL low glucose KRB for 1 hour, followed by incubation in 1 mL 
high glucose KRB (20 mM D-glucose) for 1 hour. At the end of each 
incubation, conditioned media was collected and insulin was measured 
by the ELISA (Mercodia). The stimulation index (insulin release at high/
low glucose concentration) was determined.  

 Preparation of Hollow (PVPON/TA) 4  Shells:  Hollow hydrogen-bonded 
shells (capsules) were prepared by coating 4- μ m silica particles with 
(PVPON/TA) 4  fi lm followed by particle dissolution using the method 
established previously. 53  Specifi cally, 1.5 mL of 10% poly(ethylene imine)-
coated silica particle suspension was pelleted in a 1.5 mL Eppendorf 
centrifuge tube and washed two times with rinsing solutions of Miami 
Medium #1. TA was allowed to adsorb onto particle surfaces from 1 
mg mL  − 1  solution (Miami Medium #1, pH  =  7.4) for 3 min followed 
by the deposition of PVPON layer from 0.3 mg mL  − 1  solution (Miami 
Medium #1, pH  =  7.4) for 3 min. After each deposited layer, particles 
were centrifuged for 2 min at 2000 rpm and washed two times with the 
rinsing Miami Medium #1 solution. Alternating coating of particles 
with the polymers was continued until the desired number of layers was 
achieved. Silica cores were dissolved in 8% hydrofl uoric acid and the 
hollow capsule solution was dialyzed in de-ionized water at pH  =  7.4 
(adjusted with 0.1 M NaOH) in the dark for 4 days.  

 Animals:  NOD.BDC-2.5 TCR transgenic mice were bred and housed 
under specifi c pathogen-free conditions at the Research Support 
Building at the University of Alabama at Birmingham. Female mice at 8 
to 12 weeks of age were used in all experiments.  

 Primary Recall Assays and Cytokine Measurements by ELISA:  NOD.
BDC-2.5 splenocyte single cell suspensions (5  ×  10 5  cells) were seeded 
in a 96-well fl at bottom plate with 0.1  μ M or 1  μ M BDC-2.5 mimotope in 
the presence or absence of 10 8 -10 3  (PVPON/TA) 4  shells in 200  μ L total 
volume of Dulbecco’s Modifi ed Eagle Medium (DMEM) supplemented 
with 10% heat-inactivated fetal calf serum, 10 mM HEPES buffer, 4 mM 
L-glutamine, 2X non-essential amino acids, 1 mM sodium pyruvate, 
61.5  μ M 2-mercaptoethanol, and 100  μ g mL  − 1  Gentamicin (Invitrogen, 
Carlsbad, CA) (complete DMEM). After incubation at 37  ° C in a 5% CO 2  
humid air chamber for 2, 3, or 4 days, supernatants were collected to 
examine cytokine synthesis. IFN- γ  and IL-2 production was measured 
using antibody pairs from BD Pharmingen (San Diego, CA) as described 
previously. [  92  ]  IL-12p70 was detected with a DuoSet ELISA kit from R&D 
Systems (R&D Systems, Minneapolis, MN). ELISA plates were read on a 
BioTek Synergy2 microplate reader (BioTek, Winooski, VT) and analyzed 
using Gen5 v.1.10 software (BioTek, Winooski, VT).  

 Isolation and Stimulation of Mouse Bone Marrow-Derived Macrophages : 
NOD bone marrow-derived macrophages were cultured as described 
previously [  93  ]  and plated on 24-well tissue culture plates at 10 6  cells 
well  − 1 . Macrophages were stimulated with 100 ng mL  − 1  of LPS from 
 E. coli  (055:B5) (Sigma Aldrich) in the presence or absence of (PVPON/
TA) 4  shells. Supernatants were collected at 24 hours to measure the 
synthesis of IL-12p70 by ELISA as described. [  92  ]   

 Statistical Analysis : Data were analyzed using GraphPad Prism Version 
5.0 statistical software. Determination of the difference between mean 
values for each experimental group was assessed using the 2-tailed 
Student’s  t  test, with  p   <  0.05 considered signifi cant. All experiments 
were performed at least three separate times with data obtained in 
triplicate wells in each experiment. 

 Details on the synthesis of PVPON ∗ , FDA/PI viability tests on rat, and 
human islets, ellipsometry data for coating growth and thickness, confocal 
and SEM images of the hollow shells, and CLSM on islets coated with a 
single layer of PVPON ∗  are available in the Supporting Information   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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