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with appropriately designed materials is 
well poised to address such challenges and 
also provides powerful tools for regulating 
cellular functions. [ 10–17 ]  In the past few 
years, a number of approaches have been 
devised for engineering cell surface. [ 18–22 ]  
As the advanced molecular biology tech-
niques, genetic and metabolic approaches 
have been explored to program cell surface 
to express receptors or glycoproteins. [ 19 ]  
Although clever, they may be restricted to 
the natural canon of available biochem-
ical pathways. Covalent conjugation with 
membrane protein or incorporation of 
phospholipids into cell membranes is also 
used for cell surface modifi cation. [ 20 ]  How-
ever, they may perturb cell membrane 
function in undesired manners. Recently, 
the layer-by-layer assembly of polyelectro-
lytes has emerged as a valuable method 
for cell surface engineering. [ 10 ]  The 
nanoshells not only provide mechanical 
support for cells but also allow effi cient 

transport of nutrients. Nevertheless, the cytotoxicity elicited by 
most polycations is a major obstacle of polyelectrolyte fi lm. In 
addition, most of the engineering strategies are not reversible 
and play a permanent and uncontrolled role in cells. It holds 
numerous advantages to fabricate a versatile and dynamic shell 
that can initially protect and regulate cells and then can be on-
demand removed to evoke the original property of cells. 

 Nature has long been a source of inspiration for material sci-
ence. [ 23–26 ]  Recently, the metal–polymer complex has aroused 
much attention due to its wide distribution in nature, especially 
in certain load-bearing biostructures. [ 27–33 ]  Formed by cross-
linking of polymer with metal ligand, the coordination com-
plexes endow biological structures with many desirable prop-
erties, such as adhesion, self-assembly, self-repair, mechanical 
tunability and toughness. [ 34–37 ]  For example, the histidine–zinc 
complexes are correlated to the hardness of the jaws of marine 
worms. [ 34 ]  Additionally, the byssal cuticle of mussel exhibits a 
peculiar combination of high stiffness and extensibility, which 
can shield the byssal threads from abrasion. Recent studies 
confi rmed that multivalent catecholato–iron complexes played 
an integral role in this unique mechanical property. [ 35,36 ]  
Inspired by the excellent performance of metal–polymer com-
plex in biostructures, we described a versatile strategy to encap-
sulate cells using the polyphenolic metal complex-based shell 
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  1.     Introduction 

 For cell-based applications, such as bioelectronic devices, bio-
catalysis, cell-based sensors, and therapies, [ 1–5 ]  it is of scien-
tifi c interest and technological importance for long-term cell 
viability and functionality in unfriendly environments. [ 6–9 ]  All 
these issues have inspired the strategies to protect cells against 
physical, chemical, or biological stress. Engineering cell surface 
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( Figure    1  ). First, the cross-linking process of polyphenol and 
metal was rapid. It did not involve the laborious processes or 
the exposure to toxic reagents. [ 35,36 ]  This provided a simple and 
biocomparable coating strategy. Second, the hybrid properties 
of polyphenols and metals endowed the shell with multifunc-
tions. The polyphenols displayed a broad cellular protectability 
including absorption of UV light and radical scavenging, [ 38,39 ]  
and they also showed chemical reactivity toward nucleophilic 
groups. [ 38–44 ]  When it came to metal ligands, a wide range of 
metals with unique optical or magnetic properties were capable 
of forming coordination complex with polyphenols. [ 45 ]  Accord-
ingly, the shell designed here provided a versatile platform to 
modify cell surface with nanoparticles, bioactive molecules, 
as well as imaging contrast agents. It is, however, usually dif-
fi cult for the existing examples to modify cell surface with 
multiple classes of functional materials conveniently. Last, but 
not least, a robust but dynamic coating strategy is very essen-
tial for on-demand regulation of cells, but is still challenging. 
The covalent methods have proven to be highly stable, but they 

are usually not reversible. The noncovalent 
approaches such as the hydrogen-bonded 
layer-by-layer coating possess high tunability 
but they do not permit long-term stability. 
In our strategy, the multidentate complexes 
between polyphenol and metal (such as iron) 
exhibited not only the near covalent stability 
but also the stimuli-responsive property. 
Upon the decrease of pH, the coordination 
stoichiometry of polyphenol and metal was 
changed, [ 45–48 ]  which resulted in the revers-
ible disassembly of the coating. In this sense, 
the shell could initially support the protec-
tion, regulation, and track of cells. While, 
after completing its role, the artifi cial coating 
could be controllably removed with stimuli 
to release the cells and reactivate the cellular 
functions. The on-demand coating strategy 
will be critically important for highly sensi-
tive biosensing and active cell manipulation.   

  2.     Results and Discussion 

 As the low-cost and readily available substi-
tute for mussel polyphenolic protein, plant 
polyphenol tannic acid (TA) was chosen as 
the polymer ligand to coordinate with Fe 3+ . 
To illustrate the versatility of our strategy, we 
fi rst described the assembly of TA–Fe 3+ -based 
shell on yeast cell as it is a popular system for 
understanding eukaryotic cell. [ 49,50 ]  The yeast 
cells were readily coated with the coordina-
tion-based shells through sequential addition 
of TA and Fe 3+  to cells suspension. Each iron 
ion center could bind three galloyl groups of 
TA, resulting in the cross-linking of TA and 
Fe 3+  on cell surface. As shown in Figure S1 
(Supporting Information), upon addition 
of TA and Fe 3+ , the yeast cell suspension 

immediately turned blue. The opacity change was attributed to 
the formation of TA–Fe 3+  complexes. Prolonging the reaction 
time from 30 s to 30 min had little effect on the cell color. This 
indicated that the fi lm could be formed on cell surface within 
minute. The effi ciency of the coating process was studied in 
more detail (Figures S2–S4, Supporting Information). Suc-
cessful assembly of the shells was confi rmed by zeta-potential 
with the cell surface potential changed from –16.9 to –30 mV 
(Table S1, Supporting Information). The shell-coated cells were 
then studied with scanning electron microscopy (SEM) images. 
As shown in Figure S5 (Supporting Information), the bare cells 
were obviously shrunk because of dehydration, whereas yeast 
cells at TA–Fe 3+  were typically round-shaped. The magnifi ed 
image indicated that the cell surface became rough after coating 
( Figure    2  a,b). Transmission electron microscopy (TEM) images 
(Figure  2 c–f) further showed that the average thickness of shell 
was about 40 nm and the thickness increased with the coating 
cycles (Figure S6, Supporting Information). As a derivative of 
marine protein adhesives, TA exhibits strong adherence activity 
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 Figure 1.    A) Inspired by the widespread metal–polymer complexes in the load-bearing biostruc-
tures, such as the jaws of marine worms and the byssal cuticle of marine mussels, a versatile 
approach for encapsulating cells was developed with polyphenol–metal complexes. The shell 
could protect cells from UV irradiation and oxidative stress. It also provided a convenient route 
to modify cell surface with nanoparticles (NPs), bioactive molecules (BM), image reagent. 
B) The encapsulation of cells with shells through sequential addition of tannic acid (TA) and 
Fe 3+  and the reversible removal of the shell through the acid trigger.
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for a wide range of interfaces. [ 38–40 ]  Thus, it was most likely that 
the free TA initially adsorbed onto cell surface. Then, it could 
be cross-linked by forming octahedral complex with Fe 3+ . The 
further increase of Fe 3+  may draw more TA and small TA–
Fe 3+  complexes to the initially formed fi lms (Figure S7, Sup-
porting Information). As shown in the SEM image (Figure S8, 
Supporting Information), the increase of Fe 3+  concentration 
made the shell thicker and rougher, which indicated that Fe 3+  
played a central role in the cross-linking process. The energy-
dispersive X-ray (EDX) spectroscopy indicated the presence of 
Fe element on the shell (Figure S9, Supporting Information). 
The elemental mapping analysis (Figures  2 g and S10, Sup-
porting Information) further demonstrated that the distribu-
tion patterns of Fe element matched well with those of C and 
O elements, as well as the high angle annular dark-fi eld images 
(HAADF) of cell. This proved that the TA–Fe 3+  shell was well 
distributed on cell surface and the cell inside was not obviously 
shrunk.  

 It was critical to investigate the physiological effect of shell 
on cells. The survival of the enclosed cell was studied with live/
dead staining assay based on calcein-AM (AM) and propidium 
iodide (PI). AM can be deacetylated by the esterase of living 
cells and releases a green fl uorescent molecule, while the red 
fl uorescent molecule PI can enter only nonviable cells to stain 
nucleic acids of dead cells. As shown in  Figure    3  a, the viability 
of the coated cells was about 95%, which was similar to that of 
bare cells. It was notable that the shell did not prevent PI from 
entering dead cells. For control cells that were killed by ethanol 

or heating, the coating with shell did not 
infl uence the staining results (Figure S11, 
Supporting Information). The high cell via-
bility was originated from the mild coating 
process and the low toxicity of shell. Next, we 
studied whether the shells could protect cells 
and stabilize cell viability for long term. For 
bare cells, they nearly lost all their viability in 
water within 15 d. However, about 70% of the 
coated cells were still alive at the same time 
point (Figure  3 b). This demonstrated that the 
shell could prolong cell viability. In addition, 
TA displayed diverse biological functions 
such as structural support, UV light absorp-
tion, and radical scavenging. [ 38,39 ]  These fea-
tures might endow the shells with special 
protective effects. As expected, after exposure 
to UV light, the viability of the coated cells 
was exactly higher than that of bare cells 
(Figure  3 c). The radical scavenging property 
of the shell was also probed. As monitored 
by fl ow cytometry, the intracellular reactive 
oxygen species (ROS) levels were attenu-
ated in the presence of shell (Figure S12, 
Supporting Information). Following the pro-
tection assay, we examined the infl uence of 
shell on cell division. While native yeast cells 
immediately proliferated into exponential 
phase after 3 h, [ 49 ]  the growth of shell-coated 
cells exhibited an obvious delay (Figure  3 d). 
The delay of cell division was dependent on 

the thickness of shell, but the cells still kept the capability of 
dividing themselves (Figure S13, Supporting Information). The 
result showed that the shell could be utilized to control the cell 
division cycles in a designed way.  

 Cell-surface modifi cation is another important issue for the 
applications of living cells. [ 18–21 ]  So far, it is still challenging 
to fi nd a versatile platform to modify cell surface with mul-
tiple functional materials. As reported previously, polyphe-
nols not only displayed high affi nity with metals and metal 
oxides but also supported chemical reactions with nucleophilic 
groups. [ 38–44 ]  Thus, the TA–Fe 3+  shell would provide a conven-
ient route for cell surface modifi cation. The magnetic modifi -
cation of individual living cell was fi rst performed by mixing 
the magnetic nanoparticles (MNPs) with the shell-coated cells 
as TA could bind MNPs strongly via C  O  Fe bond. [ 51–54 ]  The suc-
cessful binding of MNPs on the cell surface was verifi ed by the 
on-demand collection and release of cells with magnetic fi eld 
( Figure    4  a). The cells were further assembled into arrays by 
magnets. This indicated the potential use for separation, immo-
bilization, and delivery of cells. In addition to nanoparticles, the 
shells also supported the covalent conjugation of biomolecules 
via the chemical reactivity of polyphenols toward amine or thiol 
groups. [ 38–44 ]  DNA with amine terminus was grafted to the 
coated cell surface to endow cell with biorecognition. The modi-
fi ed cells were specially immobilized on the complementary 
DNA-presenting glass substrate (Figure  4 b). For control, the 
cells without DNA modifi cation exhibited negligible interaction 
with the same surface. What is more, the coordination-based 
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 Figure 2.    SEM images of a) the bare yeast cells and b) the yeast cells with TA–Fe 3+  shell. 
Insets were the magnifi ed images of the corresponding yeast cell surface. TEM images of 
bare yeast cells c,e) and the yeast cells with TA–Fe 3+  shell d,f) with different magnifi cations. 
g) EDX elemental mapping of TA–Fe 3+  shell on yeast cell surface. From left to right were the high 
angle annular dark-fi eld (HAADF) image of the part of a yeast cell, and the corresponding ele-
mental mappings of the C K-edge, O K-edge, and Fe K-edge signals. The scale bars were 0.5 µm.
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shells were not limited to the use of Fe 3+  as ligand. Many 
metal ions, such as aluminum, manganese, titanium, zirco-
nium, molybdenum, cerium, europium, and gadolinium, were 
capable of forming complexes with polyphenols. [ 34,45,46 ]  By 
incorporating single or multiple metals, a diverse range of func-
tional shells could be generated. As an example, we explored 
the incorporation of magnetic resonance image (MRI) contrast 
agents to the shell by cross-linking of TA with Fe 3+ , Mn 2+ , and 
Gd 3+ . MRI has been regarded as a powerful analytical tool in 
biomedical fi eld for its high sensitivity, high spatial resolutions, 
and large penetration depth. [ 55–58 ]  The T1-weighted MR images 
of the coated cells were evaluated with a 3.0 T human clinical 
scanner. As shown in Figure  4 c, the MR signals were enhanced 
with the increase of the coated cell concentration for all the 
three samples. This provided a noninvasive image method for 
cells, which would be benefi cial for monitoring cell fate and 
fabricating cell-based sensors.  

 Next, we investigated whether the shell had a dynamic 
nature, which was highly important for on-demand manipu-
lation of cell growth kinetics and surface engineering. Upon 
incubation in an acidic media, the original inert cells at TA–Fe 3+  
were reactivated and switched to dividing mode ( Figure    5  a). For 
control, the growth of bare cells was not obviously affected by 
the slightly acid pH (Figure S14, Supporting Information). The 
dramatic change in the growth mode of the encapsulated cells 
was associated with pH-triggered structural change of shells. At 
low pH, the hydroxyl groups of TA were protonated and their 

coordination stoichiometry with Fe 3+  was changed from tris- 
to bis- to mono-coordinated state. [ 45–47 ]  This was accompanied 
with the rapid disassembly of the shell (Figure  5 b). Beside pH, 
ethylenediaminetetraacetic acid (EDTA) also accelerated the 
degradation because of its strong affi nity with Fe 3+ . As shown 
in Figure  5 c, the shells on cell surface became thinner and 
partly disappeared under stimuli, which resulted in the release 
of cells from coating. The degradation of TA–Fe 3+ -based cross-
links with stimuli was also confi rmed by atomic force micro-
scope (AFM). From Figure S15 (Supporting Information), we 
could see that the TA–Fe 3+  fi lm on the fl at surface became 
thinner after pH and EDTA treatment. It should be noted that 
these stimuli processes did not affect cell viability (Figure S16, 
Supporting Information). The growth curves of the reacti-
vated cells were almost same as that of native cells (Figure  5 a). 
After removing the shell by acid or EDTA treatment, the cell 
viability was also studied with live/dead staining ( Figure    6  a). 
The quantitative analysis showed that more than 85% cells were 
still alive (Figure  6 b). In addition, the cells were reincubated on 
the yeast–extract–peptone–dextrose (YPD) agar plate overnight 
(Figure  6 c). Compared with the native cells, only a few of colo-
nies were formed for the shell-coated cells due to the suppres-
sion of cell division by shell. While, after the disassembly of 
shell by stimuli, the proliferation ability of cells was restored 
and the colony numbers of the released cells were similar to 
that of native cells. This implied that the activity of living cells 
was not obviously affected by the encapsulation and the release 
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 Figure 3.    a) The live/dead fl uorescence images and the corresponding viability analysis of native yeast cells and the shell-coated yeast cells. b) The 
viability of native yeast cells and shell-coated yeast cells in water against time. Insets were the live/dead fl uorescence images of the corresponding 
yeast cells after storage for 15 d. c) The viability of native yeast cells (black) and shell-coated yeast cells after irradiation with UV light for different 
times. Insets were the fl uorescence images of corresponding yeast cells after exposure to UV light for 90 min. d) Growth curve of native yeast cells, 
yeast cells at (TA–Fe 3+ ) 1 , yeast cells at (TA–Fe 3+ ) 2 , and yeast cells at (TA–Fe 3+ ) 4 . The error bars represented the standard deviation of three experiments.



FU
LL P

A
P
ER

3779wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

process. Beside the growth kinetics, the surface engineering of 
cells could also be reversibly regulated by the dynamic shell. 
Upon incubation in the acid solution, the magnetically modifi ed 

cells lost their response toward magnetic fi eld 
because the magnetic nanoparticles were 
removed along with the shell (Figure S17, 
Supporting Information). When it came to 
the DNA-linked cells, the pH stimulus also 
resulted in the abatement of their special 
interaction with the complementary DNA-
presenting substrate (Figure  6 d). In addition, 
the T1-weighted MR signal of the coated cells 
also greatly decreased after removing the TA–
Fe 3+  shell with triggers (Figure  6 e).   

 To show the versatility of the coating, 
this strategy was further applied to  Escheri-
chia coli  bacteria. As the very common bac-
terium in biotechnology,  E. coli  shows wide 
applications in molecular cloning, proteins 
express, and protein function testing. The 
morphology of  E. coli  at TA–Fe 3+  was studied 
by SEM images. As shown in  Figure    7  b, 
the shell-supported cells were typically rod-
shaped, while the native cells were seriously 
shrunk and wrinkled (Figure  7 a). From the 
magnifi ed SEM image, we could see that the 
surface of the coated cells become rough. 
The TEM image further confi rmed the shell 
was uniformly formed on the  E. coli  surface 
(Figure S18, Supporting Information). The 
EDX spectroscopy further confi rmed the 
successful coating with the Fe element peak 

at 6.40 keV. The cell viability analysis obtained from live/dead 
staining assay implied that about 94% cells were still alive after 
the coating process (Figure  7 c). Beyond viability, the function 

activity of cells was also evaluated by their 
ability to produce fl uorescent protein in an 
inducer-responsive manner. A signifi cant 
fl uorescence emission was observed for 
both the control and the shell-coated cells 
in the presence of inducer (Figure  7 d). As 
monitored by fl ow cytometry (Figure  7 e,f), 
the fl uorescent intensity of the shell-coated 
cells was similar to that of native cells. The 
results confi rmed that the encapsulation did 
not adversely infl uence the fl uorescent pro-
tein expression of cells. The protective ability 
of the shell was studied by UV light irradia-
tion experiment. As shown in Figure S19 
(Supporting Information), the resistance of 
 E. coli  to UV light greatly increased in the 
presence of shell. After the degradation of 
the shell by stimuli, the solution color of the 
coated cells was gradually changed from blue 
to white. The acid and EDTA stimuli used in 
our experiments were biocompatible to the  E. 
coli  bacteria (Figure S20, Supporting Infor-
mation). Importantly, the cell viability did not 
decrease signifi cantly during the stimuli. And 
the fl uorescent protein express ability of the 
shell-removed cells was also maintained. The 
results were consistent with those of yeast 
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 Figure 4.    a) (1) Compared with the control yeast cells without magnetic modifi cation (left), the 
magnetically modifi ed yeast cells at TA–Fe 3+  (right) could be quickly collected by a magnet. (2) The 
reversible collection and release of magnetic yeast cells by the contact or removal of magnetic force. 
(3) The assembly of magnetic yeast cells to the pattern of “A” and pentagon with magnetic force. 
b) The optical image and the number of yeast cells at TA–Fe 3+  (as control, left) and DNA-linked yeast 
cells at TA–Fe 3+  (right) cultured on the complementary DNA-presenting substrate. The scale bars 
were 20 µm. c) T1-weighted MRI images of the yeast cells at TA–Fe 3+ , yeast cells at TA–Mn 2+ , and 
yeast cells at TA-Gd 3+ . For each sample, the concentrations of the coated yeast cells from left to right 
were 0, 10, 20, 50 mg mL –1 . The error bars represented the standard deviation of three experiments.

 Figure 5.    a) Growth curve of yeast cells at [TA–Fe 3+ ] 2  before and after stimulation with pH 4.0, 
EDTA, and pH 5.0 + EDTA. b) The pH-dependent stoichiometry change of TA–Fe 3+  complexes. 
c) SEM images showed the surface of the coated yeast cells before (up) and after stimuli 
(down). The photographs inserted showed the color changes of the coated yeast cell solution.
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cells, which implied that the shell coating and removing process 
were cytocompatible and had negligible effect on the cell activi-
ties and viability. The encapsulation system was also explored 
to the PC-12 cells, one kind of mammalian cell ( Figure    8  ). 
After coated with the shells, the PC-12 cells still had high via-
bility and their resistance to UV light was greatly enhanced.    

  3.     Conclusion 

 In summary, inspired by the widespread metal–polymer com-
plexes in the load-bearing biostructures of nature, here we 
described a facile and versatile approach for encapsulating 
and engineering cells by using polyphenol–metal complexes. 
The shell could prolong cell viability and protect cell from UV 
light radiation and reactive oxygen damage. It also provided 

a powerful tool for modifying cell surface 
with nanoparticles, bioactive molecules, and 
imaging contrast agents. The broad modi-
fi cation of multiple functional materials on 
cell surface has not been so conveniently 
achieved in the existing examples. More 
interestingly, the coordination-based shell 
uniquely combined the near covalent sta-
bility and stimuli-responsive fl exible nature, 
which provided a robust but dynamic coating 
to cell. The responsive shell was used as a 
reversible element to regulate cell division 
and surface modifi cation. It also should be 
noted that the shell coating and removing 
processes were cytocompatible and had neg-
ligible effect on cell viability. In this sense, 
the shell could initially serve as a multifunc-
tional platform for protecting cell, control-
ling cell interactions, and monitoring cell 
fate. Then, after completing its role, the 
coating could be controllably disassembled 
with stimuli, which facilitated the cell release 
and reactivated the cell function. The multi-
functional and dynamic coating strategy will 
suggest a promising platform for living cell-
based fundamental research and biological 
applications.  

  4.     Experimental Section 
  Materials : Tannic acid (TA), iron (III) chloride 

hexahydrate (FeCl 3 ·6H 2 O), iron dichloride 
(FeCl 2 ), manganese chloride tetrahydrate 
(MnCl 2 ·4H 2 O), gadolinium nitrate hexahydrate 
(Gd(NO 3 ) 3 ·6H 2 O), sodium cyanoborohydride, 
and ethylenediaminetetraacetic acid (EDTA) were 
purchased from Aladdin Reagent (Shanghai, 
China). (3-Aminopropyl)trimethoxysilane (APTES), 
2′,7′-dichlorofl uorescein diacetate (DCFH-DA), 
propidium iodide (PI), and calcein (AM) dye 
were provided by Sigma-Aldrich. DNA used 
was synthesized by Sangon Biotechnology Co. 
(Shanghai, China). Other reagents and solvents 

were achieved from Beijing Chemicals (Beijing, China). All chemical 
agents were of analytical grade and used directly without further 
purifi cation. All aqueous solutions were prepared using ultrapure water 
(18.2 MU, Milli-Q, Millipore). 

  Characterizations : UV–vis absorbance measurement was carried 
out on a JASCO V-550 UV–vis spectrophotometer. The zeta-potential 
was measured in a Zetasizer 3000HS analyzer and each value of zeta-
potential was acquired by averaging three independent measurements. 
The cells with or without the coating were dispersed in deionized 
water. The aqueous solution of cells with OD 600  = 0.3 was used to 
perform zeta-potential measurements. AFM images were performed 
using a Nanoscope V multimode atomic force microscope (Veeco 
Instruments, USA) in tapping mode. Scanning electron microscopic 
(SEM) images and in suit EDX analysis were recorded using a Hitachi 
S-4800 Instrument (Japan). Before imaging, cells were air-dried on 
silicon wafers and sputter-coated with platinum. Transmission electron 
microscopic (TEM) images were captured with an FEI TECNAI G2 20 
high-resolution transmission electron microscope operating at 200 kV. 
T1-weighted MR imaging was acquired by using a 3.0 T clinical MRI 
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 Figure 6.    a) The live/dead fl uorescence images of yeast cells before and after removal of shell 
by acid (pH 4.0), EDTA, or acid + EDTA. The scale bars were 50 µm. b) The quantitative viability 
analysis of yeast cells before and after degrading the shell by stimuli. c) Representative digital 
images showed the grown colonies of yeast cells on agar plates. For this, the native yeast 
cells before and after acid + EDTA treatment (top row) and the shell-coated yeast cells before 
and after acid + EDTA treatment (second row) were cultured on the agar plates overnight. 
d) The number of DNA-linked yeast cells at TA–Fe 3+  immobilized on the complementary DNA-
presenting substrate. After the removal of shell by acid, the yeast cells immobilized on the 
same surface decreased. Insets were the corresponding optimal image of yeast cells on surface. 
The scale bars were 20 µm. e) The T1-weighted MR signal of the yeast cells at TA–Fe 3+ , and 
the coated yeast cells after acid and acid + EDTA treatment. The error bars represented the 
standard deviation of three experiments.
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instrument (Siemens Medical System). Dilutions of cell at TA–Fe 3+ , cell 
at TA–Mn 2+ , and cell at TA–Gd 3+  in water with different concentrations 
were placed in a series of 4.0 mL Eppendorf tubes for T1-weighted 
MR imaging. After careful preparation, the Eppendorf tubes were then 
scanned in a 3.0 T Magnetom Espree MIR system. 

  Encapsulation of Yeast Cells with TA–Fe 3+  : The yeast cells were 
suspended in the yeast–extract–peptone–dextrose (YPD) broth and 
cultured in a shaking incubator at 30 °C with 225 rpm to bring them 
to an early exponential phase. Then, yeast cells were harvested in 
1.5 mL centrifuge tubes by centrifugation at 2000 rpm for 2 min and 
washed three times in the 0.85% aqueous NaCl solution. Solution of TA 
and then FeCl 3 ·6H 2 O were added to the yeast cell suspension to yield 
the 1.5 mL solution with 0.5 mmol L –1  FeCl 3 ·6H 2 O and 0.25 mmol L –1  
TA. The suspension was mixed by a vortex mixer for 30 s immediately 
after the individual additions of TA and FeCl 3 ·6H 2 O. After that, the pH 
of the suspension was adjusted to neutral pH by buffer. The resulting 
yeasts were collected with centrifugation and washed with water three 

times to remove excess TA and FeCl 3 ·6H 2 O. For 
multicoating, the assembly step was performed 
repeatedly to obtain the cells at (TA–Fe 3+ )  n  , 
where  n  denotes the number of layers. For the 
characterization, yeast cells at [TA–Fe 3+ ] 2  were used 
unless noted otherwise. For using other metal 
ions as ligands, the same concentration of MnSO 4  
or GdCl 3  solution was used to replace the FeCl 3  
solution. After the sequential addition of TA and 
MnSO 4  or GdCl 3  solution, the cell suspension was 
mixed and centrifuged to obtain the cell at TA–Mn 2+  
or cell at TA–Gd 3+ . 

  The Protection Effect of the Shell to Cells : Cell 
viability of the noncoated and coated cells was 
assessed with live/dead assay based on propidium 
iodide (PI) and Calcein-AM (AM). AM was 
deacetylated by esterase in the cytoplasm of living 
cell and released a green fl uorescent molecule, 
while the red fl uorescent molecule PI can enter 
only nonviable cells to stain nucleic acids of dead 
cells. The 2 µL of the stock solution of Calcein-AM 
(1 mg mL –1 ) and PI (1 mg mL –1 ) were mixed with 
1 mL of yeast cell suspension. After incubation for 
30 min at room temperature while shaking, the cells 
were collected by centrifugation and were viewed 
by the Olympus BX-51 optical system microscope 
(Tokyo, Japan). The micrographs were analyzed 
with Image J software to quantify the number of 
live (green) and dead (red) cells. For UV exposure, 
24-well plates containing 1 mL of uncoated or 
coated cell suspension were placed in a biological 
safety cabinet with the germicidal lamp turned on 
(30 W G30T8 UV bulb). The bulb emitted short-wave 
UV radiation centered at 254 nm. At set intervals, 
plates were removed from the cabinet, and the cell 
viability was assessed with live/dead assay. The 
intracellular reactive oxygen radicals (ROS) were 
monitored using 2′,7′-dichlorofl uorescein diacetate 
(DCFH-DA). [ 38 ]  After reacting with intracellular 
ROS, this nonfl uorescent dye was changed to 
a fl uorophor, dichloro-fl uorescein (DCF). Thus, 
the DCF fl uorescence intensity was related to the 
amount of intracellular ROS. To perform the test, 
DCFH-DA solution (20 × 10 –3   M ) was added to the 
suspension of bare or shell-coated cells, and the 
mixture was incubated for 1 h. The cells were then 
washed twice with PBS and were treated with free-
radical initiator. Finally, the fl uorescence intensity 
of the treated cells at 530 nm with excitation at 
485 nm was monitored by fl ow cytometric analysis. 

  Cell-Division Test : The optical density of bare or 
coated cells at 600 nm was fi rst adjusted to ≈1.0 by 

water. Then, 5 µL of the yeast mixture was added to the YPD broth and 
cultured in a shaking incubator at 30 °C. At indicated time points, the 
small amount of cells was taken out and its optical density at 600 nm 
(OD 600 ) was monitored by UV–vis spectroscopy. 

  Surface Functionalization : For cell surface modifi cation, the cells 
at TA–Fe 3+  were fi rst immersed into the TA solution and then were 
collected by centrifugation for further use. In order to magnetic 
modifi cation of individual cell, the magnetic nanoparticles (MNPs) 
were synthesized following the previous work. [ 59 ]  The 10 µL of 
10 mg mL –1  MNPs was added to 1 mL of coated cells and the mixtures 
were gently stirred for 30 min. The MNPs could bind to the shells via 
coordination bond between iron and oxygen. [ 51–54 ]  The magnetized 
cells were separated via centrifugation and a permanent magnet. 
For conjugation of DNA on the shell-coated cells, [ 38–43 ]  20 µL of 
100 × 10 –6   M  DNA with the terminal amine group (DNA 1, its sequence 
was 5′-GGGTTAGGGTTAGGGTTAGGGTTTTTT-NH2-3′) was added 

Adv. Funct. Mater. 2015, 25, 3775–3784

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

 Figure 7.    The SEM image, magnifi ed SEM image, and EDX spectrum of a) the native  E. coli  
bacteria and b) the  E. coli  bacteria with TA–Fe 3+  shell. In (c–f), the viability and fl uorescent pro-
tein express of native  E. coli  bacteria (sample 1), the  E. coli  bacteria at TA–Fe 3+  (sample 2), the 
 E. coli  bacteria after removing the shell by acid stimulus (sample 3), EDTA stimulus (sample 4), 
and acid + EDTA stimulus (sample 5) were analyzed. c) The viability analysis of  E. coli  bacteria 
obtained from the live/dead staining assay. d) The fl uorescence images of  E. coli  bacteria after 
the induced expression of fl uorescent protein. The scale bars were 10 µm. e) Flow cytometry 
analysis of fl uorescent protein expression in  E. coli  bacteria after induction. f) Quantifi cation 
of fl uorescence protein expression in different  E. coli  bacteria obtained from fl ow cytometry 
analysis. The error bars represented the standard deviation of three experiments.
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into the cells at TA–Fe 3+  suspension and the mixtures were allowed 
reacting for 3 h with gentle stirring. After removal of unreacted DNA 
by centrifugation, the DNA-grafted cells were obtained and were 
then dispersed in PBS buffer. The complementary DNA-presenting 
glass substrate was prepared as previously described. [ 60 ]  Briefl y, 
80 × 10 –6   M  solution of 3′-amino DNA (DNA 2, its sequence was 
5′-CCCTAACCCTAACCCTAACCCTTTTTT-NH2-3′) in pH 7.0 sodium 
chloride sodium citrate (SSC) buffer was added to aldehyde-coated 
glass and dehydrated in a 100 °C oven 30 min. The resulting slides were 
exposed to a solution of NaCNBH 3  (66 × 10 –3   M  in PBS) to reduce the 
imine bonds formed to more stable amine bonds. The slides were then 
rinsed with an aqueous 0.4% SDS solution, followed by deionized H 2 O. 
To prevent background cell binding, the substrates were blocked with 
a solution of 1% bovine serum albumin in PBS for 15 min before use. 
Then, the suspension of DNA1-linked cells at TA–Fe 3+  was incubated 
with the DNA2-modifi ed substrate in pH 7.0 Dulbecco's phosphate-
buffered saline. The unbound cells were gently removed from the 
coatings by rinsing with buffer for 1 min. Cells were viewed using an 
Olympus BX-51 optical system microscope (Tokyo, Japan) with a blue 
fi lter. 

  Disassembly Experiments : The disassembly of shell was carried out in 
PBS buffer solutions with different pH values (7.0, 5.0, and 4.0). The 
effect of EDTA on the shell disassembly was also studied by addition of 
10 µL of 7.5 × 10 –3   M  EDTA into the buffer solution pH 7.0 and pH 5.0. 
The coated cells were added to the buffer solution and then constantly 
incubated on a thermostated shaker at 30 °C. After that, the cells were 
collected by centrifugation. The surface morphology, division condition, 
and the viability of shell-removed cells were characterized as described 
above. The cells with or without stimuli were also cultured on the yeast–
extract–peptone–dextrose (YPD) agar plate by the spread plate method. 

After incubation at 30 °C overnight, the number of the bacteria colonies 
on each plate was observed. 

  Encapsulation of E. coil Cells with TA–Fe 3+  : Monocolony of  E. coli  cells 
on the solid Luria–Bertani (LB) agar plate was transferred to 20 mL of 
liquid LB culture medium and grown at 37 °C for 12 h under 180 rpm 
rotation. Then, yeast cells were harvested in 1.5 mL centrifuge tubes 
by centrifugation and washed three times in 0.85% aqueous NaCl 
solution. The  E. coil  cells were successively incubated with 0.5 mmol L –1  
FeCl 3 ·6H 2 O and 0.25 mmol L –1  TA for 30 s. After centrifugation and 
wash, the  E. coil  cells at TA–Fe 3+  were obtained. The viability of the 
noncoated and coated bacteria was assessed with live/dead assay as 
described above. For expression of fl uorescent protein, the  E. coil  cells 
were cultured in the presence of galactose instead of glucose for 3 h. The 
cells were then imaged with Olympus BX-51 optical system microscope. 
For quantitative study of the expressed fl uorescence protein, the fl ow 
cytometric analysis was performed on BD FACS Aria. The excitation 
wavelength was 488 nm and signals were collected at FITC channel 
500–560 nm. 

  Encapsulation of PC12 Cells with TA–Fe 3  : PC12 cells (rat 
pheochromocytoma, American Type Culture Collection) were cultured in 
DMEM (Gibco BRL) medium supplemented with 5% fetal bovine serum, 
10% horse serum in a 5% CO 2  humidifi ed environment at 37 °C. When 
the cells were grown to 70%–80% confl uency, they were detached from 
the fl ask by trypsin. The cells were collected by centrifugation and then 
washed with 0.85% aqueous NaCl solution twice. After the sequential 
addition of TA and FeCl 3  solution, the cell suspension was mixed and 
centrifuged to obtain the PC12 cells at TA–Fe 3+ . The viability of cells was 
assayed with live/dead cell staining. For this, the PI and AM dyes were 
added to the cells. After 15 min incubation, the cells were imaged under 
the microscope.  

 Figure 8.    The SEM image and EDX spectrum of the native PC12 cells a) and the PC12 cells with TA–Fe 3+  shell b). The scale bars were 10 µm. c) The 
live/dead fl uorescence images and the corresponding viability analysis of native PC12 cells (top row) and the shell-coated PC12 cells (second row). 
The scale bars were 50 µm. d) The viability of native PC12 cells and shell-coated PC12 cells after UV light irradiation for different times. The error bars 
represented the standard deviation of three experiments.
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