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 Tools thus far used to pattern cells within, or on top of, 
scaffolds have utilized optical forces, magnetic forces, hydro-
dynamic forces, dielectrophoretic forces, biomolecular/chem-
ical coatings, or alterations of substrate pattern, geometry, and 
porosity. [ 8 ]  One of the most promising innovations for cellular 
control in a scaffold environment is through microfl uidic 
coaxial fl ow. This method controls the fl ow characteristics of 
a polymer solution, usually alginate with extracellular matrix 
(ECM) proteins, and has the ability to code different cell types 
within a single 200 µm fi ber. [ 9 ]  However, the spatial control of 
cells is poor. This strategy cannot control the distribution of 
individual cells or clusters of cells within the fi ber, relying on 
simple microfl uidic fl ow to position regions of disorganized 
cells either parallel to one another or in a repeating sequence 
along the fi ber. There does not exist a method which can 
easily make repeat unit patterns of cells while controlling cel-
lular distance. This precise control of the cellular architecture 
needs to be achieved in order to truly recapitulate a tissues 
function. 

 A promising way to manipulate individual cells or clusters of 
cells in a noninvasive, biocompatible, contactless, and label-free 
manner is through surface acoustic waves (SAWs). [ 10 ]  We have 
demonstrated the unique capabilities of SAW to massively pat-
tern cells in a 3D manner within a phosphate buffered saline 
(PBS) buffer or cell media environment while maintaining high 
spatial resolution. [ 11 ]  The SAW-based patterned cells displayed 
normal morphological spreading after dropping to the surface. 
This type of patterning mimics physiological patterns found 
in tissues by producing repeating cellular units with precise 
spacing between them. Many tissues utilize these repeating cel-
lular units to carry out synergistic tasks, which require a great 
number of like cells to work in unison, such as muscle con-
traction in muscle tissue, signal propagation in neuronal tissue, 
or toxin processing in liver tissue. [ 12 ]  Thus the spacing or con-
fi guration of cells is very important to achieve physiologically 
relevant tissue function. 

 In view of the SAW patterning capabilities, we take this 
technology a step further to use in tissue engineering applica-
tions by arranging cells within a viscous polymer medium to 
create cellular fi bers with defi ned patterns which can be used 
to build complex 3D tissue architectures. SAWs have thus far 
been used solely for lab-on-a-chip processes, where everything 
is designed to be utilized in the microfl uidic chamber. This 
will be the fi rst time we separate from on-chip designs and uti-
lize the structures built by SAWs outside of the chip environ-
ment. We chose a fi ber geometry, as opposed to sheets, as it is 
more durable and easy to manipulate. Fibers can also be built 
into complex 3D structures with varying cell types, yielding 
excellent diffusion characteristics due to the large pore sizes 

  For many tissues, including bone, cardiac muscle, pancreas, 
and nerves, the arrangement of cells are required to enhance 
cell–cell communications and cell-extracellular matrix interac-
tions which is of critical importance for tissue development 
and function. [ 1 ]  These tissues have a high degree of cellular 
architecture which is created with repeating units of similar 
cells to allow effi cient communication in a synergistic manner 
to perform a given function. [ 2 ]  For example, nerve tissue con-
tains neurons located at specifi c locations with synaptic link-
ages for long-distance communications, whereas muscle 
tissues comprise many cells in close proximity in a fi ber for-
mation to carry out contractile motions. [ 3 ]  Thus, being able 
to pattern cells to mimic these different cellular architectures 
will yield more physiological tissue functions for tissue engi-
neering compared to seeding or printing cells without a pre-
defi ned pattern. 

 Tissue engineering primarily focuses on developing mate-
rials which stimulate cell growth and rely on cell self-assembly 
to build functional tissues, however little attention is focused on 
the organization of the seeded cells. For most widely used tissue 
engineering strategies, cells are seeded on top of scaffolding 
materials, or decellularized tissue-derived scaffolds, [ 4 ]  where 
they attach and proliferate in more or less a 2D plane along the 
scaffold. To better capitulate the native tissue and have a better 
control on 3D scaffolding, current methods have shifted toward 
3D bioprinting where cells are seeded or encased into the scaf-
fold material itself, allowing for proliferation and cell–cell con-
tacts in a 3D manner. [ 5 ]  Embedding cells into materials with low 
biodegradability also protects the cells from being rejected by 
the host’s immune system. [ 6 ]  3D bioprinting of cells within a 
polymer solution have great advantages for large-scale organ 
construction, however cellular organization is not taken into 
account which could lead to ineffi cient or failed overall func-
tion of these printed tissues. While there are many other types 
of encapsulation techniques, novel materials, and processes for 
manipulating the geometry of these materials, [ 6,7 ]  the organiza-
tion of the cells within these materials is very much lacking. 
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between the fi bers. [ 6,13 ]  Our method for creating these fi bers 
can utilize a variety of photosensitive polymers which can be 
robust and tuned for biodegradability. [ 14 ]  Here, we demonstrate 
the patterning of HeLa cells in poly(ethylene glycol) diacrylate 
(PEGDA) and methacrylated gelatin (GelMA) [ 15 ]  solutions, and 
confi rm high cell viability after fi ber extraction. 

 In this work, we used a piezoelectric substrate (LiNbO 3 ) 
deposited with a pair of parallel interdigital transducers (IDTs). 
Between the IDTs we placed a water coupling layer onto the pie-
zoelectric substrate which was used to guide the propagation of 
leaky waves from the substrate into the tube superstrate above. 
 Scheme    1   shows the experimental apparatus and the entire pro-
cess for creating embedded cell fi bers with predefi ned cellular 
patterns. The two main superstrates were 100 µm inside diam-
eter (ID)/200 µm outside diameter (OD) square bore glass cap-
illary tubes and 280 µm ID/610 µm OD polyethylene tubing. 
Microbeads or HeLa cells were mixed within polymer solu-
tions containing either 10% PEGDA 700, 10% PEGDA 3400, 
or a combination of 10% PEGDA 3400 with 2% GelMA, as 
well as Irgacure 2959 photoinitiator and pluronic F-127. Each 
of these polymer solutions was tested with the SAW device for 
the ability to align objects, polymerize the polymer, and extract 
the aligned fi ber. Last, the fi bers were manually manipulated 
to create simple architectures, where cell fi bers are placed next 
to one another in rows, and complex architectures, where cell 
fi bers are woven together in a weave formation, with emphasis 
on the cell alignment. 

    The alignment of objects (microbeads or cells) using a 
SAW device relies on the position of the object to the incident 
wave and the distribution of forces acting upon the object. 
For these experiments we either chose a perpendicular align-
ment, where the object is to be patterned perpendicular to the 
incident waves and thus the tube placed perpendicular to the 
IDTs, or a parallel alignment, where the object is to be pat-
terned parallel to the incident wave having the tube positioned 
parallel to the IDTs. The force distribution on the object can 
be broken down into the acoustic radiation force, drag, and 
friction/wall effect forces, [ 16 ]  streaming and buoyancy forces, 

and the gravitational force. [ 11d ]  In order for the object to be 
manipulated the acoustic force must surpass the balancing of 
all other forces. In this work we demonstrate how powerful 
SAWs can be, not only do they need to travel through a cou-
pling layer into a superstrate but they have to manipulate 
objects which are in a highly viscous medium compared to 
water. This is of particular importance as viscous medium will 
cause an attenuation in the acoustic energy, making manipu-
lation of objects more diffi cult. [ 17 ]  We tested three polymers 
(PEGDA 700, PEGDA 3400, and GelMA) for their perfor-
mance of acoustic manipulation within glass capillary tubes. 
These polymers were chosen based on their prior use in tissue 
engineering and embedded cell technologies. [ 18 ]  With a given 
input power density (1.5 W cm −2 ) and frequency (12.65 MHz) 
all three polymer solutions allowed SAWs to pattern both 
10 µm beads as well as HeLa cells within the channel. Cells 
have many intrinsic characteristics which differ greatly from 
beads, such as rigidity, morphology, density, and acoustic 
impedance, which all affect SAW’s performance. In this work, 
we demonstrate that our platform can effectively manipulate 
both beads and cells given the same SAW para meters. A repre-
sentative polymer solution, PEGDA 700, is shown in  Figure    1   
to demonstrate the patterning effi ciency of both beads and 
HeLa cells in glass capillary tubes. We defi ne patterning effi -
ciency as the percentage of objects aligned at the SAW nodal 
positions. We assign excellent patterns as >80%, good patterns 
between 60%–80%, poor patterns between 30%–60%, and no 
pattern below 30%. In all our experiments, patterning effi -
ciency was greater than 80% displaying excellent patterns. It is 
worth noting that it only takes seconds to achieve a very well-
defi ned pattern as is shown in Videos S1 and S2 (Supporting 
Information). Being able to pattern within different photo-
sensitive polymers with differing viscosities demonstrates the 
versatility of our technology, and therefore is not limited to a 
specifi c polymer. 

  To take the patterning a step further we decided to move 
away from glass capillary tubes and to a much more inexpen-
sive and fl exible material, polyethylene tubing. The plastic 
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 Scheme 1.    a) Schematic representation of the entire process for generating a patterned cell fi ber in the perpendicular orientation using SAWs. b) The 
photosensitive polymer and cell solution is added to a tube which is atop a piezoelectric substrate containing two parallel IDTs with a water-coupling 
layer. c) IDTs are activated which produce SAWs that align the cells. d) Following IDT deactivation, the fi ber is polymerized with UV light and extracted, 
retaining cell patterns.
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tubing greatly changes the vertical working distance of the 
SAWs. Its wall thickness and interior bore size are much larger 
than those of the glass capillaries, being more than three times 
thicker and almost three times the bore size. Manipulating 
objects from such a large vertical working distance and with a 
viscous medium has not been shown before using SAWs. How-
ever, we demonstrate that not only can we manipulate objects/
cells but we can still obtain very well defi ned patterns along 
the entire IDT regime (≈1 cm) within the polyethylene tube as 
shown in Supplemental Video 3. 

 Once cells have the desired patterns, the IDTs are turned off 
and a UV light is applied for 30 s to polymerize the polymer 
solution. It has been shown that the photopolymerization pro-
cess has minimal effects on embedded cells within hydrogel 
polymers. [ 14c ]  For these experiments, we used 10% PEGDA 
3400 as it displayed a much higher cell viability postpoly-
merization compared to the 10% PEGDA 700. The polymerized 
fi bers are extracted from the tubes by applying pressure with 
a syringe at one end. The fi bers slide out smoothly from their 
encasement and are placed into Dulbecco’s modifi ed Eagle’s 
medium (DMEM) for visualization and culture. The diameter 
of the extracted fi ber is dependent on the bore size of the capil-
lary used, thus these fi bers are ≈280 µm in diameter. 

  Figure    2   displays aligned cells with short-term viability 
stain (explained below) inside a polyethylene tube after poly-
merization and extraction, with emphasis on the retention of 
the cell pattern. The pluronic aids in the extraction of the fi bers 
by coating the tube, making it hydrophobic. If pluronic is not 
added to the polymer solution it will require a greater deal of 
strength to extract the PEGDA 700 and 3400 and make it nearly 
impossible to extract fi bers with gelatin. While the tubes can be 
precoated with pluronic, having it in the polymer solution aids 
in cell viability. [ 19 ]  Since the patterning was done while viewing 
the tubes in a 2D plane (on the microscope) we further investi-
gated whether the cells were truly embedded within the fi ber or 
were along the periphery of the fi ber by rotating the extracted 
fi ber, demonstrating the 3D encapsulation of the cells as shown 
in Video S4 (Supporting Information). 

  There were no limitations to the length of fi ber as it is pro-
portional to the length of tubing used. Here, we tested 1 to 
6 cm fi bers and had no diffi culty with the polymerization or 
extraction, with longer fi bers likely producible. In longer fi bers 
(>3 cm) we can pattern different regions of the fi ber, displaying 
regions where there are organized cells abutted to unorganized 
cells as shown in Figure S1 (Supporting Information), which is 
of particular interest in cellular communication and cell/tissue 

organization research. [ 20 ]  Last, we show in Figure S2 (Sup-
porting Information) that the alignment is not completely cell 
type dependent and that we can pattern different cell types such 
as MC3T3-E1 cells (an osteoblast precursor cell line for bone) 
and P12 Adh cells (a pheochromocytoma cell line which is 
similar to neuronal cells). Our results are promising for future 
studies that use these types of cells to take advantage of the cel-
lular organization. 

 This entire fi ber creation process contains multiple steps 
at which cell viability needed to be verifi ed. To validate that 
cell viability was not dramatically impacted by our method-
ology, we performed short-term (<1 h) and long-term via-
bility tests (2–10 h). Both tests utilized fi nal concentrations 
of 1 × 10 −6   M  propidium iodide (PI) and calcein AM to stain 
for dead and live cells, respectively. Viability was calculated 
by counting the number of live cells and comparing with the 
number of dead cells, if any cells displayed PI stain it was 
counted as dead. Short-term staining took place within the 
initial polymer solution, before capillary injection, and cell 
viability was tracked from injecting the solution into the tube, 
through SAW alignment, UV polymerization, and right after 
extraction of the fi ber. 

 Figure  2  shows fl uorescent imaging of the cells with short-
term viability stain after polymerization and fi ber extraction, 
yielding ≈100% viability. Both SAW alignment and UV poly-
merization displayed no effect on cell viability. SAW and UV 
exposure time was tested up to 5 min with good viability 
results, however with 5 min of UV polymerization you can see 
ripples and stretch marks in the polymer, which will result in 
cell death. We also tested the irradiation and SAW exposure for 
20 min as an extreme on the cells without polymer solution 
to validate that the UV and SAW had no effect upon the cells’ 
short-term viability. In all cases, cells were almost 100% viable 
throughout the process. 

 Long-term viability did not use any stain in the original pol-
ymer solution. Instead fi bers were patterned and extracted, then 
placed into media containing the viability stain. Each fi ber was 
imaged every half hour within a culture chamber placed on the 
microscope stage. Setting up the chambers containing fi bers 
takes about 1 h, and another hour is given to allow the viability 
stain to penetrate the polymer and cell fi bers, thus we start 
looking at long-term viability at the 2 h time point.  Figure    3   
contains bright-fi eld and fl uorescent viability stain images at 2, 
5, and 10 h post-fi ber extraction. Cells survived up to 10 h with 
negligible death (>90% cell viability). Figure S3 (Supporting 
Information) displays a control for UV exposure on cells with 
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 Figure 1.    Patterning of micro-objects using SAWs within a viscous polymer solution (10% PEGDA 700) in a glass capillary tube. a–c) 10 µm beads or 
d–f) HeLa cells were placed into a,d) a tube and then patterned either b,e) perpendicular or c,f) parallel to the IDTs. Perpendicular alignment created 
repeating clusters of micro-objects at ½ SAW wavelength (400 µm), while parallel alignment created straight lines of micro-objects. Scale bar: 100 µm.
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and without polymer solution after 24 h of culture, verifying 
that UV exposure did not result in dramatic cell death. 

  Once the patterned cell fi bers were created, we assem-
bled them into simple and complex architectures to demon-
strate how the patterning of the cells affects the tissue layout, 
as well as aiding to conceptualize different cell types for each 
pattern. HeLa cells were stained with Cell Tracker Orange 
or Green to simulate two different cell types. All the cell 
fi bers were manually assembled in cell culture medium and 

were attached through simple superposition. For the simple 
architecture, multiple long fi bers aligned parallel or perpen-
dicular were placed in rows as shown in  Figure    4  a, with a par-
allel fi ber in the middle of two perpendicular fi bers. For this 
architecture one can imagine the perpendicular fi bers being 
muscle cells with the parallel fi ber being nerve or vascular 
cells. Other variations of these rows, such as with four fi bers 
and double fi bers (2 aligned fi bers per single fi ber) are shown 
in Figure S4 (Supporting Information). The other architecture 
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 Figure 3.    Long-term cell viability of control and SAW-aligned cellular fi bers out to 10 h. After extraction, cell fi bers were placed into DMEM media with 
viability stain and imaged every 30 min. Fluorescent images display the 2, 5, and 10 h time points for control fi bers (without SAW) and cells aligned 
perpendicular and parallel to IDTs by SAWs. Green stain is used to visualize living cells while red stain is used to show dead cells. Yellow lines are 
added to guide the eye to perpendicular pattern. Magnifi cations are displayed for better visualization of the patterned cells. Bright-fi eld images are 
added to display any movements of the fi ber. The bar graph displays the percent cell viability starting from the 2 h time point out to 10 h. Each point 
represents at least four different fi bers. The slight increase in cell viability at the 5 h time point is due to the viability stain reaching peak concentrations 
within the fi ber. As shown, there is no statistical difference ( p  > 0.1) between the control and aligned fi bers with negligible cell death throughout 10 h 
( p  > 0.1). Scale bar: 200 µm.

 Figure 2.    Polymerization and extraction of aligned cell fi bers (10% PEGDA 3400) within a polyethylene tube, as well as short-term viability of cells 
via fl uorescent imaging. a,d) Control fi bers did not use SAW excitation and therefore have no alignment, compared to b,e) the perpendicular and 
c,f) parallel aligned cells by SAWs. Cell fi bers are shown to undergo polymerization via a–c) UV irradiation and d–f) extraction [schematics displayed 
above to aid in understanding] without any adverse short-term viability effects on the cells (≈100% survival). Green stain represents live cells while red 
stain represents dead cells. Scale bar: 200 µm.
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is more complex, making a weave with the fi bers of different 
patterns. Figure  4 b–f displays a 2 × 2 weave, where 2 perpen-
dicular fi bers are woven into 2 random fi bers. This juxtaposi-
tion of the patterned versus nonpatterned fi bers highlights the 
repeating cellular units found in physiological tissues, such as 
muscle, against what is typically used without cellular spatial 
control. Another example of the weave architecture is given in 
Figure S5 (Supporting Information), where parallel and per-
pendicular fi bers are weaved in a 1 × 2 double fi ber weave, uti-
lizing 6 aligned fi bers where 2 aligned fi bers make up a single 
fi ber. Both weave architectures were visualized through their Z 
stacks to show the 3D architecture in Videos S5–S8 (Supporting 
Information). More complex weave patterns can be performed 
with a greater number of fi bers, however this would be more 
suited for a microfl uidic handling platform as described in 
prior literature. [ 9 ]  

  In conclusion, we have developed a technique which can 
control the spatial distribution of cells and objects within 
photosensitive hydrogel fi bers for use as a functional mate-
rial in tissue engineering and cellular biology research. The 
power of SAWs was demonstrated by patterning particles 
and cells within highly viscous solutions and through thick 
plastic tubing walls, allowing for an inexpensive and reusable 
technology for disposable superstrate devices. Patterning was 
accomplished with different tubing materials and hydrogel 
matrices, demonstrating the versatility of the technology to 
fi t different application parameters. The polymer solutions 
were polymerized using UV light and extracted with cell pat-
terns preserved throughout the procedure. The entire process 
was proven safe for the cells as there was no loss in short-term 

viability. Long-term viability displayed over 90% of viable cells 
out to 10 h in culture conditions. Last, patterned fi bers were 
manually manipulated into simple and complex architectures, 
demonstrating how the patterns could be used with different 
cell types to mimic different physiological tissues. We believe 
this technology to be paramount for tissue engineering appli-
cations which need to take into consideration the 3D cellular 
architecture, as well as biological research involving cell–cell 
communication and organization.  

  Experimental Section 
  Polymer Solution : Cultured HeLa S3 [CCL-2.2] cells (ATCC, USA), 

MC3T3-E1 [CRL-2593] cells (ATCC, USA), and PC12 Adh [CRL 1721.1] 
cells (ATCC, USA) were harvested separately with 0.05% trypsin and 
0.53 × 10 −3   M  ethylenediaminetetraacetic acid (EDTA) solution (Corning, 
USA). The cells were washed and resuspended in warm DMEM (ATCC, 
USA) with 10% fetal bovine serum and 1% penicillin to an approximate 
concentration of 5 × 10 6  cells mL −1 . The polymers were diluted in DMEM 
to the following fi nal concentrations (w/v) for each respective fi ber: 
10% PEGDA 700 (Sigma, USA), 10% PEGDA 3400 (Alfa Aesar, USA), 
and 10% PEGDA 3400 with 2% GelMA. [ 15a ]  Pluronic F-127 (Sigma, USA) 
was added to the polymers to a fi nal concentration of 0.2% w/v in order 
to aid in cured polymer extraction as well as increased cell viability. 
Irgacure 2959 (Ciba Specialty Chemicals) photoinitiator was added at a 
fi nal concentration of 0.05% and the solution was vortexed and warmed 
to 37 °C. Last, 10 µm poly(styrene/divinylbenzene) beads (Bangs 
Laboratory) or cells were added at 0.5% or 40% (≈2 × 10 6  cells mL −1 ) v/v 
fi nal concentrations, respectively, and gently mixed by hand. 

  SAW Apparatus : The SAW device contained a 128° Y-cut lithium 
niobate (LiNbO 3 ) substrate (500 µm thick) and two chrome and gold 
(Cr/Au, 50 Å/500 Å) IDTs. The IDTs have a period of 400 µm which were 
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 Figure 4.    Simple and complex architecture were formed with patterned cell fi bers. HeLa cells were incubated with Orange or Green Cell Tracker stain 
before patterning, to conceptualize multiple cell types. Cell fi bers were then patterned, polymerized, and extracted. a) Long patterned fi bers were placed 
in a row architecture with perpendicular patterned fi bers (green) on the top and bottom and a parallel patterned fi ber (red) in the middle. Complex 
architectures were also realized by manually weaving patterned fi bers (red) into nonpatterned fi bers (green) yielding a 2 × 2 weave architecture. b) A 
bright-fi eld image displays the weave architecture while c) the fl uorescent images display a full Z stack of the weave, as well as d) the top, e) middle, 
and f) bottom of the weave. Being able to manipulate the patterned fi bers into complex architectures allows the creation of biomimetic cell alignment 
in tissues. Scale bars: 200 µm.
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patterned through e-beam evaporation and a lift-off process. [ 21 ]  The 
polymer solution was placed into either a glass, square bore, capillary 
tube (100 µm ID/200 µm OD, VitroTubes) through capillary force or a 
polyethylene fi ne bore Portex tube (280 µm/610 µm, Smiths Medical) 
with a 30G needle and syringe. A coupling liquid was placed between the 
tube and the piezoelectric substrate and between the two IDTs. A variety 
of coupling liquids (oil, water, UV epoxy) were assessed for their acoustic 
impedance, and while having a high evaporation rate (2–3 min), water 
demonstrated the best performance. The SAW device was mounted on 
the stage of an inverted microscope (TE2000U, Nikon, USA) and images 
were taken with a CCD camera (CoolSNAP HQ2, Photometrics, USA). 

 To align the beads or cells, both IDTs were connected to a function 
generator (AFG3102C, Tektronix, USA) and the radio frequency signals 
amplifi ed with an amplifi er (25A100A, Amplifi er Research, USA). The 
input power density was 1.5 W cm −2  and the frequency was adjusted 
to 12.65 MHz to produce stable standing waves ( λ  = 400 µm). The 
tube with polymer solution was either placed perpendicular or parallel 
to the IDTs to yield a desired pattern. IDTs were activated for just 20 s 
to produce required alignment and then shut off. A 6 watt UV-AC hand 
lamp (VWR, USA) set to 254 nm wavelength was used for 30 s to cure 
the polymer solution within the tube. After polymerization a syringe 
was used to apply pressure to the newly formed fi ber and the extracted 
fi ber was placed into a Lab-Tek 16-well chamber slide (Thermo Fisher 
Scientifi c, USA) with 200 µL DMEM. 

  Viability : Cell viability was measured before SAW exposure, after 
SAW exposure, after polymerization, after fi ber extraction, and from 
2–20 h following extraction. Viability was calculated by counting live 
and dead cells through the use of PI to stain for dead cells and calcein 
acetoxymethyl (AM) to stain for live cells. Cells were counted as dead if 
they showed any amount of PI stain, even if they also showed high calcein 
AM. A fi nal concentration of 1 × 10 −6   M  PI (Sigma, USA) and calcein 
AM (Sigma, USA) was added to the polymer solution, before injection 
into the capillary, to verify short-term cell viability (before SAW exposure, 
after SAW exposure, after polymerization, and after fi ber extraction). 
Long-term cell viability was measured by submerging extracted fi bers 
into a PI and calcein AM solution diluted to 1 × 10 −6   M  with DMEM and 
culturing them in a stage top incubator (INUG2-TIZ, Tokai Hit) while 
imaging every 30 min for 20 h. Percent viability was calculated as (# live 
cells)/(# live cells + # dead cells), for long-term viability. Each time point 
was normalized to the 2 h time point to display viability after 2 h. ImageJ 
(NIH, USA) and Excel (Microsoft, USA) were used for image analysis 
and statistics for cell viability. Sterilization was taken into account during 
the entire process of cell fi ber production. The fi bers were produced on 
an ethanol sterilized microscope slide. All needles, forceps, and tubing 
were sterilized with 70% ethanol before use. The extracted fi bers were 
then transferred to a sterile culture chamber slide in a biosafety cabinet 
and cultured in a presterilized stage incubator. 

  Fiber Architectures : Cells were incubated for 30 min at 37 °C with 
CellTracker Orange CMRA or Green CMFDA (Thermo Fisher Scientifi c, 
USA) at 8 × 10 −6   M . The cells were mixed with polymer solution using 
10% PEGDA 3400 and 2% GelMA. The cell solution was patterned, 
polymerized, and the resulting fi ber extracted. The patterned fi bers were 
then manipulated with a syringe, applying negative pressure to one end 
of the fi ber to move. Architectures were created and imaged with Z stack 
images taken for the complex architectures.  

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