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 Porous colloidal particles can be tailored using templating techniques to 
maximize their effectiveness for a wide range of applications, including 
separation, catalysis, and drug delivery. However, templating usually involves 
harsh and complex preparation conditions, thereby complicating the fabrica-
tion of sensitive bio-functionalized particles. Here a simple, yet versatile and 
mild approach us used to create porous protein particles using mesoporous 
CaCO 3  colloids as sacrifi cial templates. The three-step preparation proce-
dure involves infi ltrating the colloidal templates with the protein by solvent 
evaporation, protein crosslinking, and removal of CaCO 3 . Using this method 
one can obtain porous particles consisting of virtually any protein. To explore 
the applicability of the particles for various scenarios particles composed 
of different proteins are fabricated focusing on hemoglobin and trypsin and 
particle morphology, porosity, mechanical properties, the protein redox state, 
and enzymatic activity are determined. The results show that the nanoporous 
template structure is replicated and that the proteins are fully functional. By 
varying preparation conditions such as crosslinker concentration and protein 
content the elastic modulus is adjusted in the range of red blood cells. This 
ensures high deformability upon fl ow in microchannels and makes the 
porous protein particles a versatile platform for biomedical applications. 
  1. Introduction 

 One of the major challenges the pharmaceutical industry is 
facing today is the formulation of new protein therapeutics in 
order to optimize their stability, activity, and effi ciency for specifi c 
administration routes. [  1  ]  An important strategy is the formulation 
of protein drugs into crosslinked aggregates such as micropar-
ticles [  2  ]  and crystals [  3  ]  or encapsulation by various techniques 
including drying and embedding into polymer matrices. [  4  ,  5  ]  Such 
systems offer many advantages for example increased circulation 
time in the blood, protection against degradation or site specifi c 
delivery. 
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 Another important application of pro-
tein particles is their use for biotechno-
logical processes such as biocatalysis. [  6  ]  
The particle systems for these applica-
tions can be very simplistic. Often they are 
merely composed of crosslinked enzyme 
aggregates (CLEAs) without an additional 
carrier. Such CLEAs possess many advan-
tages over enzyme solutions and enzymes 
bound to carriers: cost effi ciency due to 
possible recovery by fi ltration, highly con-
centrated enzyme activity in the aggre-
gate as well as high stability. [  7  ]  In general 
they are prepared by precipitation of the 
protein using salts or organic solvents 
and subsequent covalent crosslinking by 
glutaraldehyde (GA) and other agents. [  8  ]  
Importantly, due to their porosity and 
the resulting high internal surface area 
the activity of CLEAs particles is compa-
rable to the freely dissolved enzyme mol-
ecules. [  9  ,  10  ]  Also combinations of enzymes 
such as glucose oxidase and catalase to 
improve activity retention of the oxidase 
have been documented. [  11  ]  In principle 
such simple but highly active protein par-
ticles would also be interesting for biomedical applications. 
However the polydispersity of these systems prohibits clinical 
applications where precise control over size, porosity, surface 
chemistry, composition, and mechanical properties are man-
datory. For example material parameters such as size, surface 
chemistry, and deformability greatly affect the circulation time 
of microparticles in the vascular system. [  12  ]  Moreover, size and 
accessible surface area (porosity) are imperative characteristics 
to ensure predictable catalytic or therapeutic effi ciency of the 
protein particles. [  6  ,  7  ,  9  ]  

 Although porous particles composed from crosslinked pro-
teins/enzymes have good potential in drug delivery, biotech-
nology and biocatalysis, the preparation challenges still impede 
the wide use of such systems. Typically, porous materials are 
prepared from emulsions, [  13  ]  by solvent evaporation, [  14  ]  or 
precipitation. [  15  ,  16  ]  Templating techniques [  17  ,  18  ]  are used when 
precise control over material properties, like composition, 
morphology and porosity, is desired. In principle these param-
eters can be controlled by selection of the template. However, 
templating techniques often involve harsh preparation con-
ditions, for example pyrolysis or hydrofl uoric acid etching to 
remove polymer [  18  ]  or silica templates. [  19  ]  This, as well as other 
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techniques e.g. involving organic solvents could damage the 
protein structure by irreversible denaturation, deswelling and 
collapse of the porous scaffold. To obtain functional porous 
protein particles it is therefore imperative to choose templates 
that can be dissolved at mild conditions in aqueous media. 
Porous CaCO 3  microparticles fulfi ll this requirement and have 
been successfully used as hard templates for the synthesis of 
pure pharmaceutical protein particles [  2  ,  20  ]  and polyelectrolyte 
capsules containing proteins. [  5  ,  21  ,  22  ]  However theses studies 
were not aimed to introduce and to utilize mesoporous mor-
phologies in the particles. Here, we now want to use CaCO 3 -
based templates but instead synthesize mesoporous protein 
particles. 

 Therefore, in the present work we exercise CaCO 3  tem-
plating such, that the mesoporous structure of the CaCO 3  
microparticles [  16  ]  is replicated as inverse structure. Using 
this approach we aim at crosslinked protein assemblies with 
well defi ned size, internal structure, activity and mechanical 
properties. To achieve this goal, a straightforward prepara-
tion procedure involving template infi ltration by solvent 
evaporation, protein crosslinking using GA and removal of 
the templates by EDTA is developed. We then use optical 
microscopy, AFM, and SEM to analyze internal structure of 
various porous protein particles and investigate the applica-
bility of hemoglobin particles as a red blood cell mimic [  23–25  ]  
and trypsin particles as a CLEA. [  26  ]  The novel template based 
preparation procedure ensures a high internal surface area 
and deformability of the particles. Consequently, we inves-
tigate the enzymatic activity of the trypsin particles and con-
duct micromechanical studies on hemoglobin particles with 
varied crosslinker ratio to mimic the mechanical properties 
of red blood cells. This approach may enhance the particles’ 
vascular circulation time and compatibility to fi ltration bar-
riers in living organisms.   
© 2013 WILEY-VCH Verlag Gm

     Scheme  1 .     Preparation of porous protein particles: A) infi ltration of the 
templates, and C) removal of the CaCO 3  templates to obtain the porous pr
particles can be obtained by the calcium carbonate templating approach. Th
brightfi eld illumination, 6.5  μ m templates). The left and right panels pres
contrast optics, 6.5  μ m templates).  
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 2. Results and Discussion  

 2.1. Particle Preparation 

 The preparation of the porous protein particles relied on a 
straightforward procedure based on CaCO 3  template particles 
( Scheme    1  ). In a preceding step templates with well defi ned 
size and porosity were prepared. [  22  ]  The CaCO 3  templates can 
be formed at supersaturation by mixing CaCl 2  and Na 2 CO 3  
under vigorous stirring and initiated by heterogeneous pre-
cipitation. [  27  ]  The resulting CaCO 3  templates are constituted of 
non-randomly arranged vaterite crystallites that tend to radiate 
from the centre forming pores arranged like wheat-sheaves. [  16  ]  
This type of structure facilitates the infi ltration of protein into 
the templates which is conducted by evaporation of water from 
the protein solution in the presence of the template particles 
(Scheme  1 A). Due to evaporation and capillary action the pro-
tein solution recedes into the pores, effectively transporting the 
protein into the templates. [  28  ]  Under controlled agitation during 
evaporation and keeping the protein/CaCO 3  weight ratio below 
10%, the protein can be transferred completely and selectively 
into the pores. In a previous work we used the same principle 
to prepare porous polyethylene glycol particles and showed the 
selectivity of the loading process in dependence of prepara-
tion condition such as the loading ratio and template type. [  29  ]  
Then, the fi lled template particles are re-dispersed in high ionic 
strength solutions of kosmotropic salts (e.g., 4 M Na 2 SO 4 ) to 
suppress dissolution of the protein from the templates. Vig-
orous agitation by high shear stirring and also moderate ultra-
sonication facilitates dispersion and removes excess of protein 
from the template surface. Next, the protein is crosslinked by 
addition of GA (Scheme  1 B). After several washing steps pure 
protein particles can be obtained by dissolution of the template 
in EDTA (Scheme  1 C and Supporting Information S2).    
117wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     A) TEM image of CaCO 3  template 6.5  μ m. B) Cryo-SEM image of a porous hemoglobin particle. C) AFM image of a dried hemoglobin particle 
with a volume of 3  μ m 3 .  
 2.2. Particle Morphology 

 The template dissolution process was observed via optical micro-
scopy during the preparation (Scheme  1 D). The presented par-
ticles were prepared according to the standard procedure using 
6.5  μ m CaCO 3  templates (Supporting Information S4) with a 
crosslinker/protein ratio of 0.03 w/w. Single particles resem-
bling the spherical shape of the templates were obtained by this 
straightforward procedure. The average size of the presented 
hemoglobin particles was 5.8  ±  0.95  μ m. Similar sizes were 
observed for particles composed of other proteins (Supporting 
Information S2 and S3). The particles show a narrow size dis-
tribution when compared to classic precipitation methods that 
typically result in larger particles and size distributions. [  9  ,  10  ,  30  ]  
Furthermore, methods relying on protein precipitation or 
adsorption on templates need to be adapted when varying the 
protein because precipitation aggregate formation depends on 
the solubility, isoelectric point and molecular weight. This is 
not the case for particle formation through CaCO 3  templating: 
Capillary forces are the main factor for loading and particle for-
mation as they draw the protein solution into the templates and 
are independent of the kind of protein used. As a result, parti-
cles composed of different proteins such as trypsin, insulin and 
lysozyme always resembled the shape and size of the template 
without adapting the preparation procedure (Supporting Infor-
     Figure  2 .     Permeability study with fl uorescently labeled dextrans on porous hemoglobin parti-
cles A) 500 kDa FITC dextran, which diffuses freely into the particles, and B) 2000 kDa FITC 
dextran, which only partially enters the particle.  
mation S3). 
 Well defi ned particle sizes but also well 

controlled internal structures are highly 
desired. The porous structure of the CaCO 3  
templates are constituted of crystallites 
(vaterite mainly) of about 30–100 nm in 
size ( Figure    1   and Supporting Information 
S4). The void space between these fi bers 
presents a channel-like structure with inter-
connected pores of about 30 nm in size 
as measured by nitrogen adsorption and 
seen via TEM. [  22  ]  Exact inverse replicates 
would present channel-like structures with 
interconnected pores of 30–100 nm held 
together by a crosslinked protein network 
with an average thickness of 30 nm for the 
protein assembly. To test this assumption 
we investigated the porosity of hemoglobin 
particles.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 To visualize the overall structures we imaged hemoglobin 
particles via cryo-scanning electron microscopy (cryo-SEM, 
Figure  1 B). The results indicate a loose structure of low protein 
content, however, the resulting morphologies did not resemble 
an inverse replicate of the template particles. Instead, the 
particle appears collapsed with very few pores that have larger 
diameters than the expected 30–100 nm. Apparently freeze-
etching during sample preparation caused drying of the parti-
cles and collapse of the pores. This is probably due to the large 
number of voids and low protein content (high water content) 
resulting in a low structural integrity in dry state. AFM imaging 
of protein particles dried on a solid substrate under ambient 
conditions revealed an average volume of 3  ±  0.6  μ m 3  of the 
dried and completely collapsed particle (Figure  1 C). When com-
pared to the average volume of the swollen particles in water of 
113  μ m 3 , the water content by volume of the particles is 97%. 
This high water content indicates the presence of water fi lled 
pores in the protein particles, e.g., by comparison with the 
lower water content of highly swollen polymers gels. [  29  ]  

 Thus, due to the low stability of the protein particles upon 
drying we could not image their porous structures directly. 
Therefore we conducted permeability studies by confocal micro-
scopy with fl uorescently labeled high molecular weight dex-
trans ( Figure    2  ). The fl uorescence intensity profi les (Figure  2 , 
insets) show the amount of the dextrans inside or outside of 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 116–123



FU
LL P

A
P
ER

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

     Figure  3 .     Activity of 6.5 and 15  μ m trypsin particles for two different glu-
taraldehyde (GA) and trypsin (T) ratios.  
the hemoglobin particles after one hour of incubation (in terms 
of contrast or grey value). The experiments revealed that dex-
trans with a molecular weight below 500 kDa diffused freely 
into the particles (90% fl uorescence inside compared to out-
side), whereas 2000 kDa entered the particles to a lesser extent 
(42% fl uorescence inside). The hydrodynamic diameter of the 
two dextrans was 29 nm (500 kDa) and, respectively, 54 nm 
(2000 kDa). [  31  ]  Therefore we can assume the majority of pore 
diameters are distributed between 29 and 54 nm. An additional 
permeability study with fl uorescent nanoparticles with a diam-
eter of 103 nm showed that almost none of the fl uorescent 
nanoparticles diffused into porous protein particle (Supporting 
Information S6). This indicates that the protein particles are 
indeed mesoporous with a pore size below 100 nm. Overall the 
permeability study refl ects the expected range of the pores due 
to the vaterite crystallite sizes of the template particles (30–100 
nm, Figure  1 A, Supporting Information S4). This shows that we 
obtained structures that are most likely true inverse replicates 
from the mesoporous internal structure of CaCO 3  templates 
as has been also shown for porous polyethyleneglycol particles 
prepared through CaCO 3  templating. [  29  ]  On the other hand, the 
expected maximum pore size should correspond to the size of 
the largest crystallites in the templates of around 100 nm (see 
Supporting Information S4). However the permeability study is 
not sensitive toward these larger cavities in the porous network 
as the fl uorescent marker cannot permeate trough the majority 
of channels that are between 29 and 54 nm in diameter.    

 2.3. Activity of the Protein Particles 

 So far we have shown that the method allows for the prepara-
tion of structural replicates of the CaCO 3  templates with pro-
teins. In the next step we studied the activity of trypsin and 
hemoglobin after transformation into porous particles. First we 
studied the enzymatic activity of trypsin particles for different 
degrees of crosslinking and varied particles sizes. Crosslinking 
was conducted for different GA concentrations of 0.25 m M  and 
25 m M  corresponding to a GA/protein weight ratio of respec-
tively, 0.003 and 0.3. The enzymatic activity was determined 
photometrically [  32  ]  and compared to a non-crosslinked trypsin 
in solution. The slopes of the curves shown in  Figure    3   cor-
respond to the conversion rate of the BAEE substrate and thus 
the catalytic activity of the trypsin formulations. For particles 
prepared from 6.5  μ m sized templates with a GA/protein ratio 
0.03, we observed activities of about 25% compared to the 
trypsin standard. When increasing the GA/protein ratio to 0.3 
a further reduced activity to 13% was observed. This reduction 
in activity is expected [  11  ]  and can be directly attributed to the 
crosslinking agent GA altering the active sites of the enzyme. 
Larger particles prepared from 15  μ m sized templates with a 
protein/crosslinker ratio 0.03 showed a higher activity of 33% 
as compared to particles prepared from 6.5  μ m templates. This 
is somewhat unexpected because larger particles typically show 
smaller substrate conversion rates due to increased diffusional 
restrictions. The explanation for the unexpected increase in 
enzymatic activity of the larger 15  μ m sized particles could be a 
higher internal surface area as compared to the smaller 6.5  μ m 
templates. Indeed, the 15  μ m templates exhibit a fi ner internal 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 116–123
structure with typical crystallites of 30 nm in size. [  29  ]  (Sup-
porting Information, S5) whereas the 6.5  μ m templates show 
larger crystallites with typical crystallite sizes of 30–100 nm 
(Supporting Information S4). As a result, the internal sur-
face area and thus the activity of the larger trypsin particles is 
increased. Furthermore, the increase in activity for larger par-
ticles indicates the absence of substrate and reaction product 
diffusion limitations. This could be due to the high water con-
tent and pore size ( ≈ 60 nm) that is much larger than the size of 
substrate and product (below 1 nm). This shows that these par-
ticles could be used as catalysts also for high macromolecular 
weight substrates.  

 The activity measurement showed that the prepared trypsin 
particles might as well function as a CLEA for biotechnological 
processes. However, the key feature of the presented templating 
approach is that the individual particles have similar proper-
ties and thus a lower polydispersity as compared to standard 
CLEAs. Although this is not a major requirement in biotech-
nological catalysis, low polydispersity is a chief requirement for 
advanced applications, e.g. in biomedicine. In that respect, the 
porous protein particles might be interesting because of their 
well defi ned size and internal structure. As fi rst basic example 
we considered porous hemoglobin particles as potential oxygen 
carrier and substitute for erythrocytes. To test the feasibility of 
this idea we determined the oxygen binding of the particles’ 
heme groups by UV-vis spectroscopy ( Figure    4  ). [  24  ,  33  ]  First we 
analyzed oxygen free (deoxyhemoglobin) particles by adding 
the reducing agent sodium dithionite into our hemoglobin par-
ticles. Due to light scattering of the particles the hemoglobin 
spectra were altered, but as expected, the Soret band appears 
at a wavelength larger than 220 nm, typical for heme groups 
lacking associated oxygen. After removal of sodium dithionite 
by dialysis, hemoglobin oxidized again and bound oxygen as 
signifi ed by the shift of the Soret band to a smaller wavelength 
(210 nm). Typical bands of oxyhemoglobin were also found 
between 542 nm and 577 nm (Figure  4  insets) after removal 
of the reducing agent showing that the hemoglobin retained 
its basic function when prepared by CaCO 3  templating and GA 
crosslinking. More advanced experiments with this material 
119wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     UV-vis spectra of deoxyhemoglobin (grey) and oxyhemoglobin 
particles (black).  
should include oxygen dissociation measurements to obtain 
the oxygen transfer effi ciency wich will be a focus of a separate 
future study. For clinical applications new strategies to suppress 
the potential leakage of harmful unbound or cleaved hemo-
globin form the particles have to be developed as well. [  24  ,  25  ]     

 2.3. Hemoglobin Particles: Mechanical Properties 

 One of the important consequences of porous structures is a 
drastically decreased material stiffness as compared to non-
porous structures. This was shown by AFM force-deformation 
measurements on porous and non-porous hemoglobin parti-
cles ( Figure    5  A). The AFM force measurements on non-porous 
hemoglobin were conducted by drying a solution of hemoglobin 
on a glass coverslip. The resulting hemoglobin fi lm was then 
crosslinked using a GA/protein weight ratio of 0.03, the same 
120 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  5 .     Mechanical characterization and deformability of hemoglobin.
probe force deformation measurements, typical force curves (solid lines in
respectively, fi lm and particle), and elastic modulus calculated via Hertz the
B) Elastic moduli of hemoglobin particles as a function of the degree of cros
of the deformation experiment in microchannels. D) Deformed hemoglobin
channels after fl ow; phase contrast (right) and autofl uorescence (left).  
procedure as for the porous particles. AFM nanoindentation in 
PBS buffer revealed elastic moduli on the order of 4 MPa, typ-
ical for non-crystalline, partially swollen protein aggregates. [  34  ]  
The elastic moduli of porous hemoglobin particles were deter-
mined by AFM colloidal probe force measurements, a standard 
method to determine the mechanical properties of colloidal 
particles. [  35  ,  36  ]  The obtained elastic moduli were 4.0  ±  1.41 kPa, 
three orders of magnitude smaller than for the non-porous 
hemoglobin fi lm. Thus, the porous scaffold indeed leads to 
high material compliance when compared to non-porous sys-
tems and particles with unstable pores: In our previous studies 
on protein particles prepared by isoelectric precipitation [  20  ]  the 
particle elastic moduli was several hundred kPa, similar to the 
hemoglobin fi lm, thus much larger as compared to the pre-
sented porous hemoglobin particles. Therefore the low elastic 
modulus of the porous particles further shows that by GA 
crosslinking the porous structure could be stabilized.  

 Next, we aimed at modulation of the elastic modulus by 
varying the degree of crosslinking. The GA/hemoglobin 
weight ratio was adjusted between 0.003 and 0.3 (Figure  5 B). 
The molar ratio between the aldhehyde groups of GA and 
primary amines of hemoglobin is varied between 0.07 and 7, 
accordingly. As expected, when reducing the crosslinker ratio 
the elastic modulus decreases. However, the modulus showed 
almost no changes when increasing the crosslinker ratio from 
0.03 to 0.3. This could be explained by oversaturation of the 
crosslinkable primary amines at high concentration of glutar-
aldehyde. A crosslinker ratio below 0.003 resulted in non-stable 
protein particles. Moreover, the distribution of elastic moduli 
was rather broad (Figure  5  inset). This could be explained by 
a non homogeneous formation of pores during preparation of 
the CaCO 3  templates and variation of the protein content. On 
the other hand, the standard deviation of the elastic modulus 
did not exceed 35% implying a relatively uniform deforma-
tion behavior considering the complex internal structure of the 
particles. Moreover, in the applied force range of 12 nN, the 
mbH & Co. KGaA, Weinh
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slinking. C) Sketch 
 particles in micro-
particles exhibited almost no plastic (perma-
nent) deformation (Supporting Information 
S7). This implies that the particles can com-
pletely recover their shape after mechanical 
deformation. 

 The high deformability of the porous 
hemoglobin particles may allow the particles 
to overcome obstacles in hydrodynamic fl ow, 
for example narrow blood vessels and in vivo 
fi ltration barriers like the liver or spleen. [  37  ]  
To investigate the ability of the porous hemo-
globin particles to deform in hydrodynamic 
fl ow, we conducted a simple microfl uidic 
experiment. We designed microchannels that 
were 5- μ m tall, 3  μ m wide and several mil-
limeters long (Figure  5 ). The channels were 
capped by a coverslip to avoid fl ow above the 
channels and to force traverse motion of the 
particles along the channels. The fl ow was 
generated by capillary forces drawing the par-
ticle dispersion into the channels. This can 
be done by simply placing the particle disper-
sion on a dry and hydrophilic microchannel 
eim Adv. Funct. Mater. 2013, 23, 116–123
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structure near the rim of the coversplip. This procedure results 
in relatively large fl ow rates beneath the coversplip of about 
1 mm/sec (1.5  ×  10  − 8  mL/s along one channel). After the 
channel was fi lled with the dispersion, the particles were found 
stretched in the channel, increased in length by a factor of two 
(Figure  5 D). This indicates that the particles can pass through 
channels that are smaller than the particle diameter. Also red 
blood cells ( ≈ 6  μ m) must deform in such a way to traverse the 
sinusoids of the liver or spleen that are smaller than the cell. 
Therefore, when this ability is introduced on artifi cial systems 
like drug carriers or red blood cell mimicries, their circulation 
time in the vascular system can be signifi cantly increased. [  37  ]  
From the elastic behavior as determined by AFM experiments 
(Figure  5 A), we can also assume that the particles would relax 
from the deformed state when they enter wider channels, sim-
ilar to natural red blood cells. [  38  ]  Overall, the porous structure of 
protein particles ensures high deformability upon fl ow making 
them potentially useful for biomedical applications targeting 
the vascular system.    

 3. Conclusions 

 Taken together, infi ltration of porous colloidal CaCO 3  templates 
by drying of a protein solution followed by GA crosslinking and 
dissolution of the templates by EDTA allows for the preparation 
of porous protein particles. The method is extremely versatile 
in that virtually any protein can be transformed into particulate 
form by this approach. Furthermore the size of the particles can 
be conveniently controlled by the template. Analysis by optical 
microscopy, cryo-SEM, AFM and dextran diffusion revealed that 
the particles possess a well controlled morphology suggesting 
that the porous structure of the CaCO 3  templates was success-
fully replicated. Moreover, we could show that the protein par-
ticles remained functional after templating. As an example we 
studied the activity of trypsin particles and found activities on 
the order of 25% as compared to non-crosslinked trypsin. The 
surface area of the particles can be expected to be comparable to 
that of the calcium carbonate templates (8 m 2 /g). [  22  ]  This would 
be very useful, for example in catalysis when particles composed 
of enzymes are formed. In regard to industrial biocatalytic appli-
cations of the enzyme particles the long term stability as well as 
their repeated usage will be tested. Comparison of the elastic 
properties of porous particles and non-porous fi lms made from 
hemoglobin indicates that the porous systems posses a low den-
sity and that the pores are stable against collapse. As a result the 
elastic modulus was drastically decreased for the porous parti-
cles and the particle deformation was reversible, almost com-
pletely elastic. By varying the degree of crosslinking particles 
with a modulus in the kPa range can be fabricated, similar to 
the stiffness of red blood cells, thus potentially allowing for long 
circulation time in the vascular system. Besides general appli-
cations as drug carrier the hemoglobin particles presented in 
this work may have potential as artifi cial red blood cell because 
of their suitable size and mechanical properties as well as the 
ability to take up oxygen. Also the high internal surface area 
could enhance the oxygen carrying capacity. 

 In future studies we will therefore further investigate oxygen 
binding under different partial pressures to evaluate if the of 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 116–123
porous hemoglobin particles could act as artifi cial blood cells. 
Preparation of sub-micrometer sized protein particles by using 
smaller template particles [  39  ]  may also enable new biomedical 
applications. In this regard, the cellular uptake of such smaller 
and soft (deformable) particles will be a focus of our future 
study to understand fundamental aspects of intercellular forces 
and applications for intracellular delivery.   

 4. Experimental Section  
 Materials : All chemicals were purchased from Sigma-Aldrich 

(Germany). Hemoglobin, lysozyme, trypsin and FITC dextran- (500 kDa 
and 2000KDa) were obtained as lyophilized powder. Aliquots of GA 
(grade I, 25% in water) were stored at  − 20  ° C. Sodium sulfate, and 
buffers where obtained as dry powder, p.a. and bioreagent grade, 
respectively. The calcium carbonate templates (average diameter 6.5 and 
15.2  μ m) were synthesized as described elsewhere. [  20  ,  22  ]   

 Preparation of Porous Protein Particles : First a protein/CaCO 3  template 
dispersion (0.5 mL, 50 mg of CaCO 3 ) was prepared in purifi ed water. 
The protein/CaCO 3  weight ratio was kept constant at 7%. Then the water 
was removed on a rotary evaporator (150 mbar, 25  ° C). After about 
two hours the water is completely evaporated and the templates were 
redispersed in 4 M Na 2 SO 4  (pH 9, 20 m M  carbonate buffer). Vigerous 
agitation and application of ultrasound (Elmasonic P30 H, 130 W) for 
two minutes then yields redispersed protein-fi lled CaCO 3  templates. The 
particles were then crosslinked via GA at a concentration of 0.00025-
–.025 M which translates to 0.003-0.3 w/w with respect to the protein. 
After three-fold centrifugation and washing the CaCO 3  templates were 
dissolved in 0.2 M EDTA (pH 8, NaOH adjusted). Finally, residual 
EDTA, the complex Ca-EDTA and bicarbonate were removed by dialysis 
in PBS using Float-A-Lyzers G2 with a size cutoff of 50 kD (Spectrum 
Laboratories Inc, USA).  

 Microscopy : Optical microscopy was conducted on an Olympus IX 51 
equipped with a Zeiss HRm camera. Phase contrast and fl uorescence 
images were collected with a 20 ×  Objective (PLN 20XPH, N.A. 0.4, 
Olympus, Japan). High resolution optical images were taken in brightfi eld 
with a 63 ×  Objective (Antifl ex Neofl uar, N.A. 1.45, Zeiss, Germany). The 
porosity of CaCO 3  templates and protein particles was investigated 
utilizing a scanning electron microscope (SEM) LEO 1550 operating at 
3 kV, a scanning electron microscope JEOL JSM-7500F operating at 2 kV 
for cryogenic study (cryo-SEM) and a transmission electron microscope 
(TEM) Zeiss EM 912 Omega operating at 120 kV. AFM imaging of dried 
protein particles was conducted with a Nanowizard I (JPK instruments 
AG, Germany) in tapping mode using a standard silicon cantilever with 
a nominal spring constant of 40 N/m (NSC16, MicroMash, Estonia).  

 Permeability Studies : The porosity of the protein particles was tested 
in a permeability study using FITC-labeled dextran of different molecular 
weight 500 kDa and 2000 kDa. The dextrans were added to the protein 
particles suspension to obtain a dextran concentration about 1  μ g/mL. 
Then CLSM micrographs were taken with a Leica confocal scanning 
system mounted on a Leica Aristoplan apparatus and quipped with 
a 100 ×  oil immersion objective (numerical aperture 1.4) From the 
images the fl uorescence intensity within more than 20 particles was 
determined using image processing (ImageJ 1.4, NHS, USA). The data 
was normalized using the background fl uorescence intensity. In the time 
frame of the image acquisition (2 h) and after incubation over night no 
changes in the particles fl uorescence were observed.  

 Micromechanical Characterization : The elastic properties of the protein 
particles were measured via colloidal probe AFM. As force probe we 
used colloidal silica particles (Microparticles GmbH, Berlin, Germany) 
with a diameter of 30  μ m glued to the apex of the AFM cantilevers with 
a spring constant of 0.03 N/m (CSC12, tipless, MicroMash, Estonia). 
Prior to the probe attachment the spring constant was determined 
according to the thermal noise [  40  ]  and the Sader [  41  ]  method. The 
cantilevers showed deviation between both methods of less than 10% 
to qualify for force measurements. The protein particles were allowed 
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to sediment and adhere onto a polyethyleneimine coated coverslip [  35  ]  by 
which they are immobilized. The AFM head is mounted on an optical 
microscope (IX51, Olympus, Japan). Using bright fi eld optics and also 
using the autofl uorescence of the protein particles the colloidal probe 
was positioned at the apex of the microgels in order to perform the AFM 
force measurement. The measurement was conducted using an approach 
speed of 1  μ m/s applying peak forces of 12 nN. The deformation of the 
particles upon hydrodynamic fl ow in microchannels involved preparation 
of a polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Germany) 
stamp from a lithographic silicon master with 3  μ m grating (GeSim 
mbH, Germany) as described in. [  42  ]  The PDMS channels were covered 
with a glass coverslip. Capillary action drew the micrometer-sized protein 
particles into the channels (see Figure  5 C) after placing a droplet of the 
particle dispersion near the rim of the coverslip. The deformed particles 
in the channels were then imaged by optical microscopy.  

 Enzymatic Activity of Trypsin Particles : The activity of porous trypsin 
particles was determined at 25  ° C in 50 m M  phosphate buffer, pH 7.4 
using N-benzoyl-l-arginine ethyl ester (BAEE) as a substrate. [  32  ]  At BAEE 
excess concentration the conversion rate was compared to trypsin 
standard solutions to obtain a relative activity. The concentration of 
the trypsin in solution and in particulate form was 0.625  μ g/mL during 
the photometric assay. Residual enzymatic activity in the supernatant 
of centrifuged particle dispersion was less than 1% compared to the 
particle suspension. The measurements were conducted on a JASCO V 
400 spectrophotometer at 514 nm.   
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