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are generally used for large scale cell pat-
terning, offering no single-cell precision and 
control. To investigate the proper function 
of a specifi c cell and the interaction between 
different patterned cells, it is highly desired 
to pattern different cells at designated loca-
tions precisely at single-cell patterning con-
trol. Although different methods have been 
used for the controllable patterning of cells 
into cell arrays at single-cell resolution, for 
example, dip-pen nanolithography [ 15 ]  and 
optical trapping method using holographic 
optical tweezers, [ 16 ]  they are used to pattern 
cells of only a single type at one time. To pat-
tern cells of different types simultaneously 
at single-cell resolution, a DNA-encoding 
method was reported by using dense DNA 

microarrays for multiplexed patterning of biotinylated cells with 
complicated physical and biochemical procedures. [ 17 ]  The pat-
terned cells are spatially distributed with defi ned separations. For 
biomedicine applications such as drug delivery [ 18,19 ]  and cell–cell 
interaction and communication [ 20 ]  which request the cells to be 
directly contacted with each other, patterning cells of different 
types with direct contact using a simple and fl exible method is 
highly desirable. In addition, the signal transduction among adja-
cent patterned cells and the response signal of the cells to the sur-
rounding environment changes cannot be directly detected for 
the previously reported patterning methods. Previously, a tapered 
optical fi ber has been used to trap cells in a controllable and fl ex-
ible manner, [ 21,22 ]  however, it is used for trapping of single cells 
of single types at one time. Here, we show that using an abruptly 
tapered fi ber (ATF), controllable patterning of multiple cells of dif-
ferent types at single-cell patterning precision and control can be 
achieved by optical trapping. Using  Escherichia coli  ( E. coli ), which 
is widely used for both biological signal and drug delivery, [ 18–20 ]  
and  Chlorella  as living cell samples, different cells were connected 
with each other via direct cell–cell contact, patterning 1D periodic 
cell structures (PCSs) with controllable lengths and confi gura-
tions, and the propagating signal along the cell structures can be 
detected in real-time. This method is also used for cells of other 
kinds, including mammalian/human cells.  

  2.     Results and Discussion 

  2.1.     Numerical Simulation and Analysis 

 For cell patterning, an ATF is designed and shown in Sup-
porting Information, Figure S1a. To get an obvious trapping 
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  1.     Introduction 

 Controlling the spatial arrangement of distinct cells into well-
defi ned patterns is of signifi cant importance for broad biochem-
ical and biomedicine applications such as tissue engineering, [ 1–3 ]  
cell-based assays, [ 4 ]  drug delivery, [ 5 ]  and fundamental studies of 
cell–cell interaction and communication. [ 6,7 ]  Until now, different 
techniques have demonstrated the ability for cell patterning by 
immobilizing cells on designated regions of a surface. For example, 
cell patterning has been achieved by using microcontact printing [ 8 ]  
or lithography [ 9 ]  to defi ne the locations of cell attachment, inkjet 
printing [ 10 ]  to place cells pixel by pixel on a substrate, dielectro-
phoresis [ 11 ]  to use dielectrophoretic forces to concentrate cells into 
specifi c locations, and electrochemical desorption [ 12 ]  to use electro-
chemically constrained surface changes to attach cells. In addition, 
by cooperating with microcontact printing, orthogonal engineering 
matrix can be used to regulate multicellular morphology, which 
suggests important ways in developing implantable materials via 
cell patterning. [ 13 ]  Particularly, with the assistance of microfl uidic 
systems, these techniques have shown great promise towards high 
throughput cell handing, culture, and analysis. [ 14 ]  However, these 
techniques typically require elaborately fabricated substrates or 
electrodes to predetermine the locations of cell patterns, and they 
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and meanwhile induce little harm to the cells, a 980 nm wave-
length laser beam, which exhibits low absorption to most living 
matter, [ 23 ]  is used. To show the possibility of cell patterning, 
a fi nite-element method was used to simulate light distribu-
tion output from the ATF. In the simulation, the  E. coli  and 
 Chlorella  were approximately assumed to be a nanorod (length, 
1.7 µm; diameter, 0.5 µm) with hemispherical caps and a 
sphere (diameter, 3.2 µm), respectively. The refractive indices 
( n ) of the ATF, water,  E. coli , and  Chlorella  are set to be  n  = 
1.44, 1.33, 1.39, and 1.45, respectively. The simulated light dis-
tribution is shown in Supporting Information, Figure S1b–d. 
Light is highly concentrated at the fi ber tip because of the 
abruptly tapered shape, and a large optical gradient exists along 
the fi ber axis. Compared with our previously reported gradu-
ally tapered fi ber, [ 22 ]  here light output from the ATF is more 
concentrated along the fi ber axis, which allows multiple cells 
to be trapped by optical gradient force along the fi ber axis. To 
show the ability of connecting multiple cells together, light dis-
tributions for cell structures with different cell number were 
simulated. The optical force ( F  O ) exerted on the tail cell of each 
structure can be calculated by integrating the time-independent 
Maxwell stress tensor  T  M  along the surface of the cell.  F  O  can 
be expressed as [ 22 ] 

 
FF TT nn dS

S
O M∫ ( )= �   

(1)
 

 where  n  is the surface normal vector. Calculation results show 
that  F  O  exerted on the  E. coli  cells are directed to the ATF, and 
thus the  E. coli  cells can be trapped and connected. Light is highly 
confi ned and propagated along the cells, and more cells can be 
trapped and connected. With a  Chlorella  cell added to the former 
connected  E. coli  cell,  F  O  exerted on the  Chlorella  cell is also 
directed to the ATF, and thus the  Chlorella  cell can be trapped 
and connected to the  E. coli  cells. Similarly, more cells can be 
trapped and connected to the former trapped cells orderly by 
optical force, patterning into a PCS. In Supporting Information, 
Figure S2 shows detailed light distributions and force calculation 
for cell structures with different cell numbers, showing the pat-
terning progress of a PCS with three  E. coli  cells connecting two 
neighboring  Chlorella  cells. The periodic confi gurations of the 
PCSs are manually controlled. The parameters considered here 
are period ( T , number of  E. coli  cells connecting neighboring 
 Chlorella  cells), neighboring  Chlorella  cell distance ( D ),  Chlorella  
cell number ( N ), and structure length ( L ).  Figure   1 a, as exam-
ples, shows the calculated  F  O  exerted on the tail  Chlorella  cell of 
PCSs with different parameters. Calculation results show that  F  O  
exerted on the tail  Chlorella  cell of each PCS is directed to the 
ATF, and thus the  Chlorella  cell can be trapped and connected 
to the former trapped  E. coli  cells, forming PCSs with different 
lengths, and light can propagate along the PCSs. Figure  1 b 
shows light propagating along PCSs with different parameters.   
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 Figure 1.    Simulation and calculation results for PCSs with different confi gurations. a) Calculated  F  O  exerted on the tail  Chlorella  cell as a function 
of  Chlorella  cell number  N  for PCSs with I)  T  = 3,  D  = 8.3 µm; II)  T  = 6,  D  = 13.4 µm; III)  T  = 11,  D  = 21.9 µm; and IV)  T  = 18,  D  = 33.8 µm; inset in 
(I) schematically shows the parameters and calculation model. b) Simulated optical energy density distributions for light propagating along the PCSs 
with I, II)  T  = 3,  D  = 8.3 µm,  N  = 8, and  L  = 66.4 µm; panel (I) shows the simulation model; III)  T  = 6,  D  = 13.4 µm,  N  = 5, and  L  = 67 µm; IV)  T  = 11, 
 D  = 21.9 µm,  N  = 3, and  L  = 65.7 µm; and V)  T  = 18,  D  = 33.8 µm,  N  = 2, and  L  = 67.6 µm.
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  2.2.     Experimental Results 

 Based on the above analysis, an experimental scheme is 
designed in  Figure   2 . An ATF is immersed in a mixture sus-
pension of  E. coli  and  Chlorella  cells (Figure  2 a) (see Experi-
mental Section for suspension preparation). With a laser beam 
(980 nm wavelength) launched into the ATF, by moving the 
ATF, multiple  E. coli  near the ATF tip can be trapped orderly 
by optical trapping (Figure  2 b). By moving the ATF toward a 
 Chlorella , the  Chlorella  can be trapped and connected to the 
former trapped  E. coli  (Figure  2 c) by  F  O . By moving the ATF 
and/or the glass slide, more cells will appear near the former 
trapped cells. These cells can then be trapped and connected to 
the former trapped cells, forming PCSs with different confi gu-
rations at single-cell control, and light can propagate along the 
PCSs (Figure  2 d). The moving of the ATF and the glass slide 
is controlled by a six-axis fi ber positioner, which can be fl ex-
ibly moved in 3D and a 2D translation stage, respectively, both 
with 50 nm precision. Light propagating along the PCSs can be 
detected using a tapered optical fi ber (TF) directly contacting 
the end of the PCSs, and the signal is collected and analyzed by 
an optical power meter in real-time. Details of the experimental 
setup are shown in Supporting Information, Figure S3 with a 
scanning electron microscope (SEM) image of the ATF used in 
the experiments. The ATF is of high fabrication reproducibility 
(see Experimental Section for ATF fabrication) and can result in 
a stable trapping.  

  Figure    3  a shows a typical SEM image of the  E. coli  cells, 
while Figure  3 b,c shows the length and diameter distributions 
of the  E. coli  cells statistically analyzed on a population of more 
than 100 cells. The average values of the  E. coli  diameter and 
length are 0.5 and 1.7 µm, respectively. Figure  3 d,e shows the 
optical microscope image of the  Chlorella  cells and the mixture 
of  E. coli  and  Chlorella  cells, respectively. The diameter distri-
bution of the  Chlorella  cells is shown in Figure  3 f by statisti-
cally analyzing on a population of more than 100 cells, with 
an average value of 3.2 µm. To show the potential for light 
propagation along the PCSs formed by the cells, a typical ultra-
violet–visible–near infrared (UV–vis–NIR) absorption spec-
trum analysis was carried out as shown in Figure  3 g. Results 
show that both the cells of single type and the mixture show 
a low absorption in the visible and near infrared spectrum, 

indicating a suitability of light in the visible and near infrared 
regions to propagate along the PCSs formed by these cells with 
small photo-damage. It should be noted that a clear kink for 
the absorption spectrum of the  Chlorella  cells and the cell mix-
ture exists in the wavelength range of about 670–890 nm, this 
is because the chlorophyll inside the  Chlorella  cells exhibit a 
higher absorption of light in this wavelength range.  

 To start experiments, the laser beam with an optical power 
of 57 mW (measured at the output of the laser source) was 
launched into the ATF immersed in the suspensions. With the 
laser beam launched,  E. coli  and  Chlorella  cells near the ATF 
tip were trapped by  F  O , forming PCSs with different confi gura-
tions, and the locations of the  Chlorella  cells were manually con-
trolled.  Figure   4 aI–VI, as examples, show the assembled PCSs 
with ( D  = 11.5 µm,  L  = 40.9 µm), ( D  = 17.2 µm,  L  = 63.1 µm), 
( D  = 22.2 µm,  L  = 81.8 µm), ( D  = 30.4 µm,  L  = 98.8 µm), ( D  = 
35.1 µm,  L  = 71.3 µm), and ( D  = 42.1 µm,  L  = 86.5 µm), respec-
tively. It should be noted that resulting from the uneven size dis-
tributions of the cells, a maximum deviation of about ±2.0 µm 
exists for the  D  values in the same PCSs. The Supporting Infor-
mation, Figure S4, as an example, shows the detailed patterning 
process of a PCS with an average  D  = 11.5 µm and  L  = 42.1 µm 
at single-cell patterning control. Remarkably, besides PCSs with 
 E. coli  connecting single  Chlorella  cells, PCSs with  E. coli  con-
necting  Chlorella  cell groups can also be patterned. Figure  4 b 
shows a patterned PCS with  E. coli  connecting  Chlorella  cell 
groups (two  Chlorella  cells in each group), with an average dis-
tance between the neighboring  Chlorella  cell groups of 15.8 µm 
and  L  = 58.1 µm. Besides the patterning of PCSs, cell structures 
with other confi gurations can also be patterned. Figure  4 c, as an 
example, shows a patterned 1D cell structures with arithmetic 
progression confi guration and  L  = 86.5 µm. The distances from 
the fi rst  Chlorella  cell to the ATF tip and that between the neigh-
boring  Chlorella  cells are 35.7, 26.9, and 18.1 µm, respectively. 
It should be noted that for a PCS with  L  > 100 µm, the distance 
between the tail  Chlorella  cells is diffi cult to keep stable when 
moving the ATF and/or the glass slide. However, cell structures 
with  L  > 100 µm can also be formed. Figure  4 d, as an example, 
shows a patterned structure with  L  = 130 µm, and the distances 
between neighboring  Chlorella  cells are 23.9, 22.2, 33.9, 18.7, 
and 9.4 µm from left to right. Experimental results also show 
that the cellular shape makes little effect on the patterning. For 

Adv. Funct. Mater. 2015, 25, 2816–2823

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

 Figure 2.    Experimental schemes for cell patterning. a) An ATF is placed in cell suspensions. b) Laser launched, multiple  E. coli  cells trapped. c) A 
 Chlorella  cell is trapped and connected to the former trapped  E. coli  cells. d) A PCS is formed, and light propagates along the PCS.
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example, we fi nd that  E .  coli  cells with different lengths and 
 Chlorella  cells with elliptical and other irregular shapes can also 
be used for the PCSs formation. Further experiments show 
that the stability of the formed PCSs is depended on the trap-
ping laser. Once the laser is turned off, the formed PCSs are 
gradually disassembled because of Brownian motion and  E. coli  
motility.  

 The formed PCSs can be manipulated in 3D and fl exibly 
moved to designated locations.  Figure    5  a,b shows the moving of 
PCSs with  E. coli  cells connecting single  Chlorella  cells (average 
 D , 12.3 µm;  L , 43.3 µm) and  Chlorella  cell groups (average  D , 
16.3 µm;  L , 54.4 µm) in  x  direction, respectively. The PCSs 
were moved with respective distances of 39.8 and 76.8 µm both 
within 3 s. The moving velocity and distance of the PCSs are 
controlled by moving the fi ber positioner.  

 To show the effect of light on the cell physiology after pat-
terning, additional experiments on cell viability have been car-
ried out. Because light intensity was decreased along the PCSs, 
thus cells close to the ATF tip may be infl uenced most by the 

trapping laser due to the stronger light inten-
sity. We have thus paid particular attention 
on the cells trapped near the ATF tip. As an 
example, Supporting Information, Figure S5 
shows the growth and division of  E. coli  cells 
in the trapping, indicating that the surviv-
ability of the  E. coli  cells was not affected 
by the trapping laser. For the  Chlorella  cells, 
because the complete division cycle is about 
20 h, direct observation of the division was 
not observed during the trapping. However, 
because during the patterning, the  Chlorella  
cells were trapped after the  E. coli , and light 
intensity on the  Chlorella  cells was smaller 
than that on the  E. coli  cells, thus photo 
damage on the  Chlorella  cells was even much 
smaller than that on the  E. coli  cells. Thus, 
light makes no direct damage on the cell 
physiology of the cells after patterning. This 
is because the optical power of the laser is 
relatively low (about 50–70 mW), and the 
980 nm wavelength laser beam is weakly 
absorbed by the cells. [ 23 ]  

 Because the cell structures are formed 
by optical force, this indicates that light can 
propagate along the formed PCSs. To detect 
the propagating optical signal in real-time, 
a TF connecting to an optical power meter 
was connected to the tail cell of the PCS. 
The real-time propagating signal can then be 
observed. Using the method schematically 
shown in the inset of Figure  4 e, the propa-
gation loss ( α ) for light along the PCSs can 
be measured. First, the TF was connected to 
the PCS with a length of  L  1  formed with an 
optical power of  P  0 . The propagating light 
along the PCS was collected by the TF, and 
the measured output optical power is  P  1 . 
With the same input  P  0 , when the length of 
the PCS was increased to  L  2 , an output power 

of  P  2  was then measured. The measured propagation loss can 
be obtained by [ 24 ] 

 L L

P

P
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(2)
   

 The measured  α  for the propagating 980 nm light along dif-
ferent PCSs with different  D  is shown in Figure  4 e. It can be 
seen that  α  is decreased with the increasing  D . This is because 
PCS with a smaller neighboring  Chlorella  cell distance can 
result in a larger scattering loss by the denser  Chlorella  cells 
when directly connected to the  E. coli  cells due to the different 
sizes and optical properties. 

 To show light propagating along the PCSs, a 644 nm red 
laser beam was launched into the PCSs while remain the 
optical power of 980 nm laser beam for the PCSs formation 
unchanged (see Supporting Information, Figure S3a for the 
coupling of the two laser beams).  Figure   6  shows the PCSs with 
both 980 nm and 644 nm laser beams launched. The optical 
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 Figure 3.    Characterization of the cells. a) SEM images of the  E. coli  cells. b) Length distribution 
of the  E. coli  cells. c) Diameter distribution of the  E. coli  cells. d,e) Optical microscope images 
of d) the  Chlorella  cells and e) mixture of the  E. coli  and  Chlorella  cells. f) Diameter distribution 
of the  Chlorella  cells. g) Optical absorption spectrum of the  E. coli ,  Chlorella , and mixture of 
 E. coli  and  Chlorella  cells.



FU
LL

 P
A
P
ER

2820 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

power of the 980 nm laser beam for all the PCSs formation 
was 65 mW. For PCSs with different lengths of 58.8, 60.2, 65.1, 
80.2, and 82.5 µm and  Chlorella  cell numbers of 2, 3, 4, 5, and 
7 as, respectively, shown in Figure  6 a–e, due to the propagation 
loss, to observe the propagating of 644 nm red light, the optical 
power of the 644 nm laser beam was set to be 25, 25, 28, 30, 
and 33 µW, respectively. It can be seen that resulting from the 
scattering of the  Chlorella  cells, red spots were observed periodi-
cally. Particularly, red spots appeared at the PCSs output. These 
red spots intuitionally indicate that 644 nm red light propagates 
along the PCSs. This confi rms that light can propagate along 
the PCSs.   

  2.3.     Discussion 

 Both the above simulation and experimental results show 
that cells with different types can be controllably patterned via 
optical assembly of 1D PCSs with different lengths and con-
fi gurations, and light can be propagated along the PCSs. How-
ever, it is highly desirable to pattern cells with different sizes 
for various medical applications, particularly, for mammalian/
human cells with sizes of about 10–30 µm. To show the pos-
sibility of patterning cells with different sizes, simulation on 
cells with 3 levels of sizes have been carried out. In the simu-
lation,  E. coli  cells (rod-shaped bacteria, 1.7 µm in length and 
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 Figure 4.    Optical microscope images and propagation loss of PCSs with different confi gurations. a) Images for PCSs with different  D  and  L . Red arrows 
indicate the input laser (57 mW), insets in (I) and (II) are the enlarged images of the PCSs showing the  Chlorella  and  E. coli  cells contact. b) Image for 
a 1D structure with  E. coli  cells connecting  Chlorella  cell groups. c) Image for a structure exhibiting arithmetic progression characteristic for  Chlorella  
cell distances. d) Image for a structure with  L  = 130.0 µm. e) Propagation loss  α  of PCSs as a function of neighboring  Chlorella  cell distance  D , inset 
shows the loss calculation schematic.

 Figure 5.    Optical microscope images for PCSs moving. The red arrows indicate the input laser (57 mW). a) Moving of a PCS with  E. coli  cells connecting 
single  Chlorella  cells. The yellow dashed lines and black arrows indicate the input end of the PCS and the reference objects sticking on the glass slide 
in the moving process, respectively. b) Moving of a PCS with  E. coli  cells connecting  Chlorella  cell groups.
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0.5 µm in diameter,  n  = 1.39), yeast cells (spherical eukaryotes, 
4.5 µm in diameter,  n  = 1.40), and human leukemia K562 cells 
(spherical human cells, 15 µm in diameter,  n  = 1.41) are used 
as the examples of 1 µm (small bacteria), 2–5 µm (larger bac-
teria and small eukaryotes), and 10–30 µm (mammalian cells) 
cells, respectively. Simulation results show that all of these 
three kinds of cells can be trapped by the ATF, and light can be 
propagated along the trapped and patterned cell structures. As 

an example,  Figure    7  aI–III shows light propagating along the 
patterned  E. coli  (cell number  N  = 20), yeast ( N  = 10), and K562 
( N  = 10) cell structures, respectively. By calculating the optical 
force ( F  O ) exerted on the tail cell of each structure with dif-
ferent cell numbers, results show that  F  O  is directed to the ATF 
(trapping force) and cells with different sizes can be trapped by 
the exerted optical trapping force. Multiple cells can then be 
assembled along the ATF, patterning into 1D cell structures. 
Figure  7 b–d shows the calculated  F  O  exerted on the tail cell of 
cell structures with different cell numbers for  E. coli , yeast, and 
K532 cells, respectively.  

 To experimentally show the ability of patterning cells with 
different sizes, similar to the above simulation,  E. coli  (average 
length: 1.7 µm, average diameter: 0.5 µm), yeast (average diam-
eter: 4.5 µm), and human leukemia K562 (average diameter: 
15 µm) cells, are used as cell samples. Experimental results 
show that all these three kinds of cells can be trapped and 
patterned into 1D cell structures using the method shown in 
Figure  2 .  Figure   8 , as some examples, shows the patterned cell 
structures with different cells. With the 980 nm laser (optical 
power:  P  = 17 mW) launched into the ATF, an  E. coli  cell struc-
ture with cell number of  N  = 7 and length of  L  = 13.4 µm 
was formed (Figure  8 aI). By increasing the optical power to 
32 mW, an  E. coli  cell structure with ( N  = 17,  L  = 33.1 µm) 
was formed (Figure  8 aII). For the yeast cells, with  P  = 25 and 
45 mW launched into the ATF, cell structures with ( N  = 4,  L  = 
17.5 µm) and ( N  = 8,  L  = 38.7 µm) were formed, as respectively 
shown in Figure  8 bI,II. Similarly, for the K562 cells, with  P  
= 45 and 80 mW launched into the ATF, cell structures with 
( N  = 4,  L  = 66.1 µm) and ( N  = 8,  L  = 121.3 µm) were formed, 
as respectively shown in Figure  8 cI,II. These results show that 
this patterning method is applicable for cells with different 
sizes. By simply mixing different cells together, PCSs with 
different confi gurations can be formed by using the method 
shown in Figure  2 .  
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 Figure 6.    Optical microscope images for light propagation along PCSs. 
The horizontal white and red arrows indicate the 980 nm (65 mW) and 
644 nm wavelength laser beams, respectively, while the slanted red arrows 
indicate the red light spots. a) For PCS with  L  = 58.8 µm and average  D  = 
27.8 µm, panels I and II show the bright fi eld and dark fi eld images, 
respectively. b) PCS with  L  = 60.2 µm and average  D  = 18.6 µm. c) PCS 
with  L  = 65.1 µm and average  D  = 14.1 µm. d) PCS with  L  = 80.2 µm and 
average  D  = 14.3 µm. b) PCS with  L  = 82.5 µm and average  D  = 11.5 µm.

 Figure 7.    Simulation and calculation results for cell structures patterned with different cells. a) Simulated optical energy density distributions for cell 
structures patterned with I)  E. coli  cells (cell number  N  = 20), II) yeast cells ( N  = 10), and III) K562 cells ( N  = 10). b–d) Calculated optical trapping 
force ( F  O ) exerted on the tail cell of the structures with cell number  N  for b)  E. coli  cells, c) yeast cells, and d) K562 cells.
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 Although cells with different sizes can be patterned, the pat-
terning ability is different. From the force calculation results for 
cells with three levels of sizes (Figure  7 b–d), it can be seen that 
the maximum trapping force for the 4.5 µm yeast cells is the 
largest, while that for the  E. coli  cells is the smallest. However, 
resulting from the quasi-periodically focusing and diverging of 
light along the large spherical yeast and K562 cells along the 
cell structures, force is also quasi-periodically changed, with 
peak values and valley values quasi-periodically appeared. These 
valley values of force increase the diffi culty for cell patterning. 
In addition, from the experiments we fi nd that for cells with a 
larger size, they sink easier and stick to the glass slide easier, 
resulting from the increasing weight. This further increases 
the diffi culty for PCS design with larger cells. Therefore, the 
increasing in cell sizes increases the diffi culty for PCSs design. 
To pattern and design PCSs for cells with larger sizes, a larger 
input optical power should be launched into the ATF as shown 
in Figure  8 . However, the increasing optical power may increase 
the photodamage to the cells. Thus the potential limitation and 
disadvantage of the system is the photodamage to the cells by 
the laser beam for PCSs design with larger cells. Fortunately, 
this photodamage can be minimized by choosing a laser beam 
at a wavelength with low absorption to the cells or decreasing 
the laser radiation duration. 

 Compared with the previously reported cell patterning 
methods, such as microcontact printing, [ 8 ]  lithography, [ 9 ]  inkjet 

printing, [ 10 ]  dielectrophoresis, [ 11 ]  and electrochemical desorp-
tion, [ 12 ]  the main advantages of our method are 1) the method 
is very simple with only a single ATF and a laser source, without 
the need of elaborately fabricated substrates of electrodes to pre-
determine the locations of cell patterns; 2) the patterning offers 
single-cell precision and control; 3) cells of different types can 
be controllable positioned into designated locations, forming cell 
structures with periodic confi gurations via direct cell–cell con-
tact; 4) the patterned cell structures can be fl exibly moved in 3D 
to designated locations; 5) the optical signal propagating along 
the cell structures can be detected in real-time. Compared with 
the optical trapping method using optical tweezers for cell pat-
terning by trapping multiple cells, [ 16 ]  the main advantages of this 
method are setup simplicity and manipulation fl exibility. For cell 
patterning with optical tweezers, the setup structure is relatively 
bulky with a high-numerical-aperture focusing objective and a 
series of lens for beam steering and amplitude modulation, [ 22 ]  
and additional complicated devices such as acoustooptic defl ec-
tors and spatial light modulator are necessary for multiple cell 
trapping; [ 16 ]  while for our method, a single tapered optical fi ber 
can realize light delivery, focusing, and multiple cell trapping, 
which is much more simple and handy. To spatially move and 
manipulate the trapped cells, one should control the focus by 
beam steering and amplitude modulation elements incorporated 
in the optical path before the laser beam enters the focusing 
objective using optical tweezers; while for our method, the 
moving and manipulating of the trapped cells can fl exibly con-
trolled by adjusting the fi ber positioner. Because the confi gura-
tions of the patterned cells are manually controlled at single-cell 
precision, thus proper functions of cell structures can be con-
trolled by precisely positioning different cell types in designated 
locations. Because the propagating signal along the PCSs can be 
directly detected and analyzed in real-time, this cell patterning 
method opens up possibilities in photonic sensing as well as 
detection of biological signal and transduction information 
among the patterned cells, particularly the response signal of the 
cells to the surrounding environment changes. Because the  E. 
coli  bacteria are directly contacted with the  Chlorella  cells in the 
PCSs, this strategy provides potential use for study of biological 
phenomena via direct cell–cell contact between different cells. 
For example, if the  Chlorella  cells are replaced by target cells, 
and the  E. coli  bacteria are loaded with drug, the PCSs patterned 
with these cells can be used for therapeutic applications [ 18,19 ]  by 
delivery the drug from the  E. coli  bacteria to the target cells in 
a controlled route. However, additional steps may be needed 
when using this cell–cell contact method for drug delivery study. 
For example, a second laser source may be used to observe 
the fl uorescent labeled drug delivered from the bacteria to the 
target cells. Note that, during the drug delivery process, the 
bacteria loaded with drug may be devoured by the target cells 
in order to deliver the drug carried by the bacteria, [ 19 ]  and the 
optical pathway constructed by the cell–cell contact seems to be 
destroyed. Fortunately, the bacteria beside the patterned struc-
tures can be trapped to the PCS by transverse optical gradient 
force and take the place of the previously devoured bacteria, thus 
the optical pathway can be reconstructed and drug delivery can 
be continued. In addition, if the  Chlorella  cells are replaced by 
the host cells of the bacteria, the PCSs patterned with these cells 
would provide a new approach for the study of secretion signals 

 Figure 8.    Optical microscope images for 1D cell structures formed with 
different cells. The red arrows indicate the input 980 nm laser. a) For  E. coli  
cells. b) For yeast cells. c) For K562 cells.
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delivery and cell–cell communication between the bacteria and 
the host cells. [ 20 ]  Note that although the cells are patterned into 
1D structures, this strategy could be easily expanded for 2D and 
even 3D cell patterning by using multiple ATFs.   

  3.     Conclusions 

 In summary, an optical assembly strategy for controllable pat-
terning of different cells via direct cell–cell contact at single-cell 
control was demonstrated. With a 980 nm laser beam launched 
into an ATF, 1D PCSs with different confi gurations and 
lengths were assembled by direct connecting  E. coli  and  Chlo-
rella  cells. The patterned cell structures can be fl exibly moved, 
and the propagation signal along PCSs can be detected in real-
time. This cell patterning method is applicable for cells of dif-
ferent kinds, including mammalian/human cells. This strategy 
provides a new approach for cell patterning with controllable 
cell locations at single-cell control, and provides possibilities 
for biological discoveries via direct cell–cell contact between 
different living cells and real-time signal sensing and detection.  

  4.     Experimental Section 
  Methods for Fabrication of ATF : A commercial single-mode optical 

fi ber (connector type: FC/PC; core diameter: 9 µm; cladding diameter: 
125 µm; Corning Inc.) was used for fabricating the ATF using a fl ame-
heating method. [ 22 ]  Before heating, a glass capillary (length: ≈120 mm; 
inner diameter: ≈0.9 mm; wall thickness: ≈0.1 mm) was used to sheathe 
the fi ber whose buffer and polymer jacket were stripped off using a fi ber 
stripper. The fi ber was then kept heating for about 100 s until reaching 
the melting point. By applying a pulling speed of about 3 mm s −1  on the 
heating region, the fi bre was broken with an abrupt tapered tip, and an ATF 
was fabricated. 

  Methods for Cell Suspensions Preparation : The  E. coli  bacteria (DH5α) 
were grown overnight at 37 °C in Luria-Bertani medium, washed in 
phosphate buffered saline (PBS) buffer and resuspended in the PBS 
buffer (diluted with deionized water) to desired concentration ( E. coli  
cell density ≈ 3.0 × 10 6  cells per mL). The  Chlorella  cells suspension 
was purchased from a biological cells supplier, and then diluted with 
deionized water to desired concentration (Chlorella cell density ≈ 3.0 × 
10 5  cells per mL). The mixture suspension of the  E. coli  bacteria and 
Chlorella cells was prepared by mixing the prepared  E. coli  suspension 
and  Chlorella  suspension together (volume ratio of the  E. coli  
suspension to  Chlorella  suspension ≈ 1:2). To ensure the cell mixture in 
dispersed state, the suspension was kept in a static state for ≈10 min. 
After preparation, the mixture suspension was dripped onto the surface 
of a glass slide using a pipette for ATF immersion. The yeast cells 
suspension was purchased from a biological cells supplier, and diluted 
with deionized water to desired concentration (cell density ≈ 3.0 × 10 5  
cells per mL). The human leukemia K562 cells were directly purchased 
from Laboratory Animal Center of Sun Yat-Sen University, and diluted 
with PBS to desired concentration (cell density ≈ 2.0 × 10 5  cells per mL).  
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