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timuli-Free Reversible and Controllable Loading and 
elease of Proteins under Physiological Conditions by 
xponentially Growing Nanoporous Multilayered Structure
 unique delivery system to reversibly and controllably load and release pro-
eins under physiological conditions is desirable for protein therapeutics. We 
abricate an ultrafast exponentially growing nanoporous multilayer structure 
omprised of two weak polyelectrolytes, poly(ethyleneimine) and alginate 
ith thickness and chemical composition controlled by the assembly pH. For 

he fi rst time, the assembled multilayered structure demonstrates stimuli-free 
eversible protein loading and release capability at physiological conditions 
y a synthetic material. The protein loading and release time can also be 
ontrolled by the assembled bilayer number. The highest loading capacity for 
he target protein and longest release time of proteins for layer-by-layer fi lms 
eported to date have been achieved with a 15-bilayered fi lm fabricated in this 
ork. The prominent properties of the assembled fi lm provide great potential 

or various biomedical applications, especially as a delivery system for protein 
herapeutics. 
  1. Introduction 

 Mimicking biological systems to design smart materials has 
recently attracted great interest. [  1–6  ]  Protein association and 
dissociation is a delicate process requiring high reversibility, a 
suffi cient amount of protein, and fi ne control at the molecular 
level in various essential biological systems, including gene 
expression, cell metabolism, and signal transduction. [  7–9  ]  The 
fabrication of artifi cial systems with the capability of reversible 
loading and release of proteins is desirable for applications such 
as drug delivery, [  10–12  ]  protein separation, [  13  ,  14  ]  biosensing, [  15  ,  16  ]  
biocatalysts, [  17  ]  and stimuli-responsive membranes. [  18  ]  In 
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particular, such systems are very prom-
ising in protein therapeutics due to their 
capacity to maximize protein loading and 
release effi ciency as well as to enhance bio-
availability. [  12  ,  19  ,  20  ]  Although some efforts 
have been made to develop controlled pro-
tein release systems with reversibility, all 
existing reports use severe stimuli such as 
drastic change of pH, high ionic strength, 
or specifi c chemical exchangers, which 
are signifi cantly different from the physi-
ological conditions (pH approximately 
7.4, ionic strength of around 150 m M , 
and temperature apporximately 37  ° C), to 
render the thorough release of loaded pro-
teins. [  11  ,  17  ,  21  ,  22  ]  It is apparent that systems 
with stimuli at non-physiological condi-
tions are not suitable for biological appli-
cations requiring protein activities to be 
maintained. [  23–26  ]  Functional materials that 
can reversibly and controllably load and release proteins under 
physiological conditions has not been realized so far. 

 Several challenges remain in designing a material with 
high protein loading capacity and stimuli-free loading/release 
reversibility under physiological conditions: i) increasing mate-
rial surface area for high protein loading could introduce high 
protein retaining by non-specifi c adsorption and/or entrap-
ment; [  27–29  ]  ii) enhancing affi nity for protein loading can reduce 
the loading/release reversibility; [  30  ,  31  ]  and iii) repeated immer-
sions of materials in physiological environment deteriorates the 
loading capacity and reversibility. [  32  ,  33  ]  

 Nanostructured materials, in particular a nanoporous struc-
ture, could provide large surface area for high protein loading 
capacity, but a fundamental limitation of reported nanoporous 
systems is the easy entrapment of proteins inside the nano-
porous structure, which greatly hinders the release of proteins 
and infl uences the reversibility. [  29  ,  34  ,  35  ]  Recently, exponentially 
growing layer-by-layer (e-LbL) self-assembly, in which the thick-
ness of the assembled multilayers increases exponentially 
with increase of the bilayer number, has emerged as a versa-
tile method to fabricate nanostructured thin fi lms with unique 
properties. [  36–41  ]  In particular, the assembled nanostructure 
is a dynamic equilibrium system with a signifi cant content of 
mobile uncomplexed building blocks. [  30  ,  38  ,  39  ,  41  ,  42  ]  Furthermore, 
the multilayer parameters, such as chemical composition, can 
be controlled through the assembly conditions [  30  ,  36  ,  38  ,  43–45  ]  to 
provide a wide space to tune the affi nity between the fi lm and 
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proteins. In addition, the e-LbL self-assembly can be performed 
in physiologically buffered solutions to obtain physiologically 
stable systems. [  46  ,  47  ]  Thus, exponentially grown nanoporous 
structures could be good candidates for reversible and control-
lable loading and release of proteins under physiological condi-
tions. However, to the best of our knowledge, there is no report 
on using self-assembled nanoporous fi lms for reversible protein 
loading and release. Furthermore, the loading capacity, reversi-
bility and controllability, all of which are important for the prac-
tical applications of such systems, have not been investigated. 

 In this work we investigated the pH-controlled e-LbL self-
assembly of two weak polyelectrolytes, poly(ethyleneimine) PEI 
and alginate in phosphate buffered saline (PBS) solution and 
observed a nanoporous multilayer structure. We further explored 
the possibility of using this nanoporous multilayer structure for 
stimuli-free reversible protein loading and release in PBS solu-
tion (pH 7.4, 137 m M  NaCl), a physiological condition. [  25  ,  26  ]  The 
mechanism of the reversible loading and release of protein was 
studied based on the experimental results. The controllability of 
protein loading and release was also investigated.   

 2. Results and Discussion  

 2.1. Buildup and Characterization of Exponentially Growing 
Nanoporous Multilayers 

 The thickness evolution of the assembly process of PEI/algi-
nate multilayers was tracked by cross-section fi eld emission 
scanning electron microscopy (FE-SEM;  Figure    1  ), showing 
that the thickness grows exponentially with the bilayer number 
at all studied assembly pHs (three representative pHs were 
chosen for demonstration). For a fi lm with the same number 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1932–1939

    Figure  1 .     Thickness of the exponentially growing multilayers versus 
bilayer number. The thicknesses are obtained from the cross-section 
FESEM images, and fi tted using exponential growth equations given 
below the curves. Insets show 5-bilayer fi lms thickness evolution with 
assembly pH, and cross-section FESEM images of 3, 5, and 7-bilayer 
multilayers assembled at pH 5.  
of bilayers, the thickness fi rst decreases then increases as the 
assembly pH rises (Figure  1 , inset). This trend can be ascribed 
to the intrinsic nature of the weak polyelectrolytes. The charge 
density of PEI (p K  a  is a broad pH range of 6–9) decreases with 
the increased assembly pH [  30  ,  48  ]  while alginate (p K  a  is between 
3.4 and 3.7) [  49  ]  is fully charged at pH 5 or higher. Thus, at higher 
assembly pHs more PEI with a loopier structure is assembled 
to overcompensate the bulk charges of multilayer for increasing 
the thickness. [  43  ,  50  ]  However, at lower assembly pHs, close to the 
p K  a  of alginate, the charge density of alginate decreases with 
decrease of the assembly pH, resulting in increased alginate 
assembly to overcompensate the multilayer charges. [  43  ,  50  ]  That 
is why the assembly thickness increases with the pH decrease 
from pH 5. It is notable that PBS solution can greatly affect the 
assembly of PEI/alginate multilayers. The multilayer assembled 
in water shows a nearly negligible growth compared to that 
assembled in PBS with a similar pH (Figure S1, Supporting 
Information). The ultrafast thickness growth of the multi-
layers in PBS should be due to the high ionic strength, which 
enhances the fi lm growth. [  42  ,  51  ]  The PBS-involved assembly 
process may provide the fi lm a high stability under physiolog-
ical conditions, which is vital to a reversible protein loading and 
release system.  

 To explore the mechanism of exponential growth, the self-
assembly process was tracked by cross-section confocal laser 
scanning microscopy (CLSM;  Figure    2  ). After one layer of 
fl uorescein isothiocyanate labeled PEI (FITC-PEI) is assem-
bled on the top of PEI/alginate multilayers, the whole fi lm 
becomes green, indicating FITC-PEI has diffused into the 
multilayers. Furthermore, after an (alginate/PEI) 2.5  multilayer 
is further assembled on top, the green color can be observed 
throughout the fi lm including the outermost part, indicating 
FITC-PEI can diffuse out during the self-assembly. Such an 
in-and-out diffusion can result in assembled polyelectrolyte 
amount proportional to the fi lm thickness in each step, thus 
leading to an exponential growth of multilayers. [  37  ,  40  ,  42  ]  In com-
parison to reported exponentially growing systems, such as chi-
tosan (CH)/hyaluronan (HA), [  52  ]  poly( L -glutamic acid) (PGA)/
poly(allylamine) (PAH), [  53  ]  and poly( L -lysine) (PLL)/HA, [  54  ]  
assembled at a similar pH and ionic strength, ours has much 
faster thickness growth. The ultrafast thickness growth of our 
multilayers should be due to the strong interdiffusion ability 
of PEI and appropriate intermolecular interaction between PEI 
and alginate. [  30  ,  41  ]   

 The ultrafast exponential growth with strong molecule 
interdiffusion during self-assembly could spontaneously pro-
duce unique nanostructures. [  36  ,  43  ,  44  ]  The surface morphology 
1933wileyonlinelibrary.combH & Co. KGaA, Weinheim

    Figure  2 .     Cross-section CLSM images of: A) (PEI/alginate) 15  with one 
layer of FITC-PEI assembled on top, and, B) (PEI/alginate) 15  with one 
layer of FITC-PEI and 2.5 bilayer of alginate/PEI assembled on top.  
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of the fi lms assembled at different assembly pH in dry state 
( Figure    3  A–C) shows a large-area uniform nanoporous struc-
ture of the multilayer fi lms. The pore size for all the fi lms is 
smaller than 20 nm, which is the smallest for all reported self-
assembled nanoporous multilayers. [  35  ]  To examine whether this 
nanoporous structure is still retained in a wet state for poten-
tial practical applications, the morphology of the fi lm in PBS 
solution was investigated by cryo-transmission electron micro-
scopy (Cryo-TEM) (Figure  3 D, the fi lm assembled at pH 5.0), 
which exhibits uniform nanopores, as observed in the dry state. 
The retained nanoporous structure in solution state indicates 
that proteins can also penetrate into the fi lm to achieve very 
high loading capacity, see the later discussion. In comparison, 
LbL self-assembly of PEI and alginate at similar assembly pH 
in deionized (DI) water only shows nonporous morphology 
(Figure S2, Supporting Information).  
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

    Figure  3 .     Low and high magnifi cation FE-SEM images of PEI/alginate 
multilayers with 5 bilayers assembled at pH 4.0 (A1, A2), 5.0 (B1, B2), 
and 7.4 (C1, C2). Low and high magnifi cation Cryo-TEM images of PEI/
alginate multilayers with 5 bilayers assembled at pH 5.0 (D1, D2).  
 Fourier transform infrared (FTIR) spectroscopy was used to 
examine the evolution of chemical composition of the multi-
layers during assembly. [  55  ,  56  ]  The FTIR spectra of PEI, algi-
nate, and the multilayers assembled at pH 5 ( Figure    4  a; see 
Figure S3 and S4, Supporting Information, for FTIR spectra 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1932–1939

    Figure  4 .     a) FTIR spectra of PEI/alginate multilayers with different bilayer 
number assembled at pH 5. Inset shows the FTIR spectra of PEI and 
alginate. b) Integrated peak intensity ratio of peak at around 1410 cm  − 1  
to that around 1465 cm  − 1  of multilayers with different bilayer number and 
assembly pH. c) XPS depth profi le of (PEI/alginate) 5  multilayers assem-
bled at different assembly pH.  



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

    Figure  5 .     UV-vis spectra of BSA loaded PEI/alginate multilayers (5 bilayer, assembly pH 5.0) 
before and after release (a). UV-vis adsorption of repeated FITC-BSA loading and release for 
the 5-bilayer PEI/alginate multilayers assembled at assembly pH 5.0 (b), 7.4 (c), and 4.0 (d), 
after baseline correction.  
of multilayers assembled at other pHs) 
show characteristic peaks at around 1612 
and 1416 cm  − 1  of alginate (Figure  4 a inset) 
from symmetric COO  −   stretching vibrations 
and asymmetric COO  −   stretching vibra-
tions, respectively, [  57  ]  and at around 1639 and 
1471 cm  − 1  of PEI (Figure  4 a inset) from N–H 
bending vibrations and CH 2  bending vibra-
tions, respectively. [  38  ,  58  ]  After the self-assembly 
(Figure  4 a), the peaks at around 1416 and 
1471 cm  − 1  shift to around 1410 and 
1465 cm  − 1 , respectively, due to the intermo-
lecular interaction between PEI and algi-
nate. Furthermore, a new peak at around 
1599 cm  − 1  is observed, possibly due to the 
coupling of peaks at 1639 and 1612 cm  − 1 . 
The characteristic peaks at around 1410 and 
1465 cm  − 1  display only a slight shift with the 
change of the assembled bilayer number and 
the assembly pH (Figure  4 a, Figure S3 and 
S4, Supporting Information). The integrated 
peak intensities at around 1410 and 1465 cm  − 1  
calculated from deconvoluted spectra of the 
multilayers (see Figure S5 and S6, Supporting 
Information, for typical fi tting curves) indi-
cate exponential growth of the multilayered 
fi lm with increase of the bilayer number 

(Figure S7, Supporting Information), which is in agreement 
with cross-section FE-SEM results. More importantly, the 
integrated intensity ratios of the peak around 1410 cm  − 1  to 
that around 1465 cm  − 1  (A1410/A1465) for multilayers with 
different bilayer number (Figure  4 b) illustrate a signifi cant 
decrease with increase of the assembly pH for each group of 
fi lms with the same bilayer number from the second bilayer, 
indicating that the chemical composition of the multilayers 
can be easily tuned by changing the assembly pH, and that 
the amount of alginate relative to PEI reduces with increase of 
the assembly pH (considering that there are still some COOH 
groups at pH 4, this trend should be more obvious). The pH-
controllable chemical composition of the fi lm is due to charge 
overcompensation during the assembly. The charge density 
of PEI decreases with increasing assembly pH in the studied 
pH range, and that of alginate fi rstly increases at pH near its 
p K  a , then remains stable with further increase of pH. Thus, 
more alginate is needed to be assembled to overcompensate 
the charge of PEI at higher assembly pH, resulting in a lower 
PEI/alginate ratio. [  42  ,  43  ,  50  ]  It is noted that for each assembly 
pH, the ratio of alginate to PEI decreases with increase of the 
bilayer number from the third bilayer. The reason for this is 
not clear and is under investigation in our lab. 

 Depth-profi ling X-ray photoelectron spectroscopy (XPS) was 
performed to further examine the chemical composition of 
the exponentially growing multilayered fi lms assembled at dif-
ferent pHs. The C–N and C–O concentrations obtained from 
the fi tting of carbon peaks are used to quantify the relative com-
position of PEI to alginate (Figure  4 c, see Figure S8 and S9, 
Supporting Information, for typical fi tting curves). The PEI/
alginate ratio increases with increasing the assembly pH, which 
further supports the FTIR spectroscopy data.    
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1932–1939
 2.2. Reversible Protein Loading and Release 

 The protein loading and release behavior of the PEI/alginate 
multilayers was further studied using bovine serum albumin 
(BSA), a frequently used model protein for protein release, [  59  ,  60  ]  
as a probe.  Figure    5  a shows the UV-visible (UV-vis) spectra 
of 5-bilayer multilayers assembled at pH 5.0 before and after 
release. An obvious UV-vis absorption peak around 506 nm is 
observed after immersion in fl uorescein isothiocyanate labeled 
BSA (FITC-BSA) PBS solution for 12 h and thorough washing, 
indicating successful loading of FITC-BSA. After several hours 
exposure to PBS, the absorption peak disappears completely, 
indicating thorough release of proteins. The thorough release of 
FITC-BSA can be further demonstrated by the hardly detectable 
fl uorescence signal of the multilayers after release (Figure S10, 
Supporting Information). The multiple loading and release 
experiment (Figure  5 b) reveals that the FITC-BSA can be 
loaded to around the same level of fi rst loading, followed by 
thorough release, and can be cycled many times without any 
amplitude attenuation, demonstrating excellent reversibility 
of loading and releasing. Importantly, there is no outer stim-
ulus exerted. For the fi rst time, a synthetic material to realize 
the reversible loading and release at physiological condition is 
accomplished. Further assembly of the fi lm at other pHs shows 
that the loading capacity of FITC-BSA with fi lm assembled at 
pH 7.4 is larger than that assembled at pH 5.0. However, there 
is signifi cant retention of the protein (around 31% of UV-vis 
peak intensity remains) in the multilayered fi lm after reaching 
the release plateau during the releasing process (Figure  5 c, see 
Figure S11, Supporting Information, for UV-vis spectra before 
and after release of the multilayer assembled at pH 7.4). The 
reversibility of multilayer fi lm assembled at pH 4.0 is also good, 
1935wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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although it slightly deteriorates from the fourth cycle of loading 
and release, which is possibly due to the poorer stability of the 
multilayer in pH 7.4 PBS (Figure  5 d). The reversibility was also 
tested for the 15-bilayer fi lm assembled at pH 5, showing that 
approximately 90% of the loaded protein can be released and 
can be reversibly loaded to the same level followed by around 
86% release in the second releasing experiment. This revers-
ibility is still reasonably good, although it is relatively poorer 
than for the 5-bilayer fi lm. The slight protein retention in the 
15-bilayer fi lm is possibly due to defects introduced by the 
increased thickness, but the exact reason is still not very clear.  

 The exponentially growing fi lm is a dynamic equilibrium 
system, in which the binding intensity between oppositely 
charged polyelectrolytes is weak enough to incorporate a sig-
nifi cant loopy and mobile polymer chains inside. [  38  ,  39  ,  61  ,  62  ]  For 
this model system, the dynamic equilibrium equation can be 
represented as 

PEI + alginate ⇔ PEI : alginate   (1)   

where  PEI : alginate    represents the polyelectrolyte complex 
of PEI and alginate, and PEIand  alginate    represent mobile 
uncomplexed polyelectrolytes in multilayers. The counterions 
associated with the free mobile polyelectrolyte are omitted here 
for convenience and the stoichiometric ratio is assumed as 1:1. 
Since BSA is negatively charged in pH 7.4 PBS, the positively 
charged mobile PEI is able to bind BSA as

 PEI + BSA ⇔ PEI : BSA   (2)   

  During the loading process, Reaction 2 favors the right side 
due to the penetration of high concentration of BSA to the 
nanoporous fi lm (will be further discussed). The existence of 
free mobile PEI is a driving force to load BSA as demonstrated 
by the pH-controlled loading experiment (Figure  5 ), in which a 
higher assembly pH results in a higher BSA loading. The mul-
tilayers assembled at a higher assembly pH have a higher ratio 
of PEI to alginate and more amount of mobile PEI, thus will 
load more BSA into the multilayers. In contrast, little BSA can 
be loaded in linearly growing multilayers with a dense structure 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

    Scheme  1 .     Possible molecular process of reversible protein loading and rele
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and very little mobile polyelectrolyte, as shown in the typical 
linearly growing system discussed below. One could wonder 
whether negatively charged alginate is released or replaced 
during the BSA loading. FTIR spectroscopy results show that 
the spectra and the fi tting peak at around 1410 cm  − 1  (Figure S12 
and S13, Supporting Information) for fi lms assembled at pH 
5.0 and 4.0 change insignifi cantly after thorough release of BSA 
in comparison to that before BSA loading, indicating no sig-
nifi cant alginate molecules are released or replaced during BSA 
loading. Although the alginate release in fi lm assembled at pH 
7.4 is diffi cult to track due to BSA retention, we can reasonably 
argue that alginate is even harder to be replaced or released 
since it has equal and stronger negative charge than that at pH 
5.0 and 4.0, while BSA possesses the same. When the protein-
loaded multilayers are immersed in PBS solution for release, 
the free BSA would diffuse out of the nanoporous multilayers 
to gradually shift the balance of Reaction 2 to the left. Further-
more, the much higher concentration of neighboring uncom-
plexed alginate could form a strong competition by combining 
with PEI to exchange BSA from PEI:BSA complex, thus con-
tinuously driving BSA to release. Indeed, the ratio of alginate 
to PEI plays a dominant role in the release of BSA, of which 
a higher ratio of alginate to PEI at lower assembly pH favors 
more thorough release of BSA (Figure  5 ). The possible molec-
ular process of reversible protein loading and release is illus-
trated in  Scheme    1  .    

 2.3. Controlled Protein Loading and Release Capability 

 From  Figure    6  , it can be seen that the loaded FITC-BSA 
increases exponentially with increase of the bilayer number, 
indicating that protein can penetrate into the multilayers 
and the loading capacity of the fi lm can be greatly enhanced 
by simply increasing the bilayer number. In contrast, as a 
control, the conventional linearly growing PDDA/PSS mul-
tilayers assembled in PBS solution has much lower loading 
and no increase is observed with increasing the bilayer 
number of PDDA/PSS multilayers due to their dense and 
immobile structure. [  42  ,  63  ]  Notably, the measured loading 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1932–1939
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    Figure  6 .     Comparison of loading amount of FITC-BSA in PEI/alginate 
multilayers and PDDA/PSS multilayers with different bilayer number.  

    Figure  7 .     A) Surface release kinetics of FITC-BSA from PEI/alginate multi-
layers with 5 bilayers. The remaining percentage is calculated by dividing 
the remaining UV-vis peak intensity by the original UV-vis peak intensity. 
Insets show the release kinetics of multilayers with higher bilayer number 
(a) and the release time needed to achieve remaining percentage of 20% 
versus bilayer number (b). B) Cumulative release of FITC-BSA for PEI/
alginate multilayers with 5 bilayers obtained by measuring the fl orescence 
of solution. Insets show the cumulative release for multilayers with other 
bilayer number (c) and the release time needed to achieve 80% release 
versus bilayer number (d).  
capacity for 5-bilayer fi lm is as high as 2.54  μ g cm  − 2 . To our 
knowledge, this is the highest loading capacity for reported 
BSA loading systems. [  64  ,  65  ]  This value is much higher than 
the surface density of close-packed monolayer of BSA with 
end-on confi guration (around 0.88  μ g cm  − 2 ), [  65  ,  66  ]  and can 
be further increased exponentially by increasing the bilayer 
number, as shown in Figure  6 .  

 The sustained release property of the protein-loaded mul-
tilayers assembled at pH 5 was further studied ( Figure    7  ), 
showing that the release can be easily controlled by the bilayer 
number. In particular, the release process for different bilay-
ered fi lms has the same trend, with different release times and 
both surface and cumulative release time being increased with 
the number of bilayers, indicating good controllability. For the 
5-bilayer multilayered fi lm, the release can be sustained for 
around 565 min, while the release for the 15-bilayer fi lm is 
remarkably increased to 40 d, at least, which is the longest pro-
tein release time reported for LbL-assembly fi lms, [  11  ,  67  ]  and could 
be further increased by further increasing the bilayer number. 
The extremely long release time should also be ascribed to the 
nanoporous structures, which could signifi cantly increase the 
diffusion length and reduce the release rate. [  34–36  ]  The good 
controllability by the bilayer number for a wide range of release 
time provides a broad range of potential applications. With 
high loading capacity and good reversibility, the fast release can 
be well used in protein separation and biocatalysis, [  14  ,  17  ]  while 
the long sustainable release can offer great potential in protein 
delivery applications. [  68  ]      

 3. Conclusions 

 In conclusion, a novel ultrafast exponentially growing nano-
porous multilayered fi lm has been assembled from two weak 
polyelectrolytes, PEI and alginate with thickness and chem-
ical composition controlled by the assembly pH. For the fi rst 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1932–1939
time, the assembled fi lm demonstrates stimuli-free reversible 
loading and release of protein at physiological conditions by 
a synthetic material, while accomplishing the highest loading 
capacity and longest release time for an LbL-assembled fi lm 
up to date. With great tunability of multilayer properties at a 
molecular level through selecting a broad range of building 
blocks and controlling assembly conditions for expected 
internal structure and chemical composition, this method 
can be widely extended for reversible loading and release of 
various biofunctional proteins with extremely high protein 
loading capability, excellent reversibility, and controllable ultra-
long release time at physiological conditions, thus providing 
great potentials to deliver proteins for various important bio-
medical applications.   
1937wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 4. Experimental Section 
  Chemicals : PEI (branched, 50% in water,  Mw  750 000), alginate (sodium 

salt, 20–40 cP, 1% in H 2 O), BSA (minimum 98%, electrophoresis), and 
fl uorescein isothiocyanate (FITC) (HPLC, 90%) were all purchased from 
Sigma-Aldrich. Deionized (DI) water was prepared from a Millipore 
Milli-Q water purifi cation system. FITC-labeled BSA (FITC-BSA) was 
prepared by mixing BSA and FITC at a molar ratio of 1:1 in Na 2 CO 3 –
NaHCO 3  buffer for 2 h, followed by thorough dialysis in pH 7.4 PBS for 
1 month. FITC-labeled PEI was prepared according to   the literature. [  45  ]  
The PEI PBS solution and alginate PBS solution with desired pH was 
prepared by dissolving PEI and alginate in pH-adjusted buffer solution. 
The pH values of PBS were adjusted by HCl (1  M ) or NaOH (1  M ). Glass 
slides and silicon wafers were cleaned by immersing in freshly prepared 
piranha solution (H 2 SO 4 /H 2 O 2  7:3, v/v) until no bubbles could be 
observed, followed by thorough rinsing with DI water. CaF 2  sheets were 
cleaned by ultrasonicating sequentially in acetone, ethanol, and DI water 
for 15 min each. 

  Assembly of PEI/Alginate Multilayer Films : Cleaned glass slides or silicon 
wafers were immersed into PEI PBS solution (1 mg mL  − 1 ) with predetermined 
pH for 15 min, followed by washing with PBS at the same pH 5 times and 
then drying under N 2  fl ow. Subsequently, the substrates were immersed into 
alginate PBS solution (1 mg mL  − 1 , the same pH) for 15 min, and then rinsed 
with PBS (the same pH) 5 times and dried under N 2  fl ow. The procedure was 
repeated several times to obtain PEI/alginate multilayer fi lms. The multilayer 
fi lm obtained by  n -times of repeats is denoted as (PEI/alginate)  n  . 

  Loading and Release of FITC-BSA : For loading FITC-BSA, PEI/alginate 
multilayer fi lms were immersed into BSA PBS solution (1 mg mL  − 1 ) for 
12 h, rinsed with PBS (pH 7.4) 3 times and then blown dry with N 2 . 
For the release of FITC-BSA, FITC-BSA loaded PEI/alginate multilayer 
fi lms were immersed in PBS (pH 7.4) for a predetermined time period, 
during which the release solution was frequently refreshed to ensure 
the constant release condition. The incubation temperature was 37  ° C. 
The BSA concentration in PBS after thorough release was measured by 
both the micro-BCA method and using a fl uorospectrometer (Nanodrop 
3300) to determine the loading capacity of multilayers. The loading and 
release of FITC-BSA was monitored by measuring the absorbance of the 
FITC-BSA loaded PEI/alginate multilayer fi lm via UV-vis spectroscopy 
using a UV-2450 spectrometer, and the fl uorescence of the PBS solution 
after release via a fl uorospectrometer (Nanodrop 3300). To obtain the net 
absorbance of FITC-BSA, baseline correction was performed for FITC-BSA 
loaded PEI/alginate multilayers. The fl uorescence images of multilayer 
assembled glass slides with/without FITC-BSA loaded and after FITC-BSA 
release were obtained from a ProXPRESS 2D Proteomic Imaging System. 

  Characterization : The FE-SEM and cross-section FE-SEM images of PEI/
alginate multilayer fi lms were obtained from a JEOL (JSM-6700F) microscope 
at an acceleration voltage of 5 kV and a working distance of about 8 mm. 
The Cryo-TEM imaging was carried out with a FEI Tecnai T12 microscope 
at 120 kV. The cross-section CLSM imaging was performed with a Carl 
Zeiss LSM 510 META confocal microscope. The chemical composition 
of PEI/alginate multilayer fi lms was examined by a FTIR spectrometer 
(PerkinElmer, Spectrum GX) and depth profi ling XPS using Kratos AXIS 
spectrometer with monochromatic Al K     (1486.71 eV) X-ray radiation 
(15 kV and 10 mA). Pristine CaF 2  sheet was used as the substrate for FTIR 
spectroscopy. The absorption curves were recorded after assembly of each 
bilayer. The assembly process on CaF 2  sheet was the same as that on glass 
slide or silicon wafer. For the depth profi ling XPS, Ar ion bombardment was 
carried out using a differential pumping ion gun (Kratos MacroBeam) with 
an accelerating voltage of 4 keV. The bombardment was performed at an 
angle of incidence of 45 °  with respect to the surface normal. 

  Experimental Details : See the Supporting Information for further 
experimental details.   
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