
Three-Dimensional Protein Microstructures to Study Bacterial Group Activities 
Jodi L. Connell, Aimee Wessel, Marvin Whiteley, Jason B. Shear. 

Department of Chemistry and Biochemistry, The University of Texas at Austin, Austin, Texas, USA
Statement of Purpose: The two-dimensional nature of 
traditional cell culture methods are not sufficient to study 
3D interactions under conditions that mimic in vivo 
environments. The Shear lab has developed a mask-based 
multiphoton fabrication method capable of creating 3D 
features.  Mask-based multiphoton lithography (MDML) 
allows us to rapidly create chemically responsive 
structures of arbitrary geometries from a broad range of 
proteins, providing a unique platform to both culture and 
study cells [1].  Protein structures permit sufficient 
transport of waste and nutrients to grow bacterial colonies 
to high densities suitable to study phenomena such as 
quorum sensing.  Hydrogel characteristics of these 
structures allow stimuli-responsive manipulation of  their 
size by changing conditions like heat and pH [2]. We 
demonstrate the ability to trap bateria within bovine 
serum albumin (BSA) structures by changing the volume 
of encloseures allowing group behaviors of Pseudomonas 
aeroginosa to be studied in controlled 
microenviornments. 
  
Methods: Protein structures were fabricated a mode-
locked titanium:sapphire laser (Tsunami; Spectra Physics) 
operating at 730-750 nm, raster scanned with a confocal 
scanner (Bio-Rad MRC600) and focused onto an 
electronic mask placed in a conjugate plane to the 
fabrication plane.  Laser output was adjusted to over-fill 
the back aperture of an oil-immersion objective (Zeiss 
100x Fluar, 1.3 numerical aperture) on a Zeiss Axiovert 
inverted microscope system.  Laser power was attenuated 
using a half-wave plate/polarizing beam-splitter pair, 
typical average powers at the back aperture ranged from 
50 – 60 mW. The negative of the mask was fabricated on 
a no. 1 coverslip from a solution of 400 mg mL-1 BSA and 
2.5 mM methylene blue (Equitech-Bio, Kerrville, TX; 
Sigma-Aldrich) in 20 mM  HEPES / 0.1 M NaCl buffer 
(pH 7.5).  3D structures were created using 10 to 30 
individual planes stepped by 0.5 μm increments along the 
optical axis using a motorized focus drive (Prior, H122).    
P. aeruginosa cells added in mid-exponential phase of 
growth in tryptic soy broth (EMD Chemicals).  Mass 
transport studies done using 4 kD, 70 kD, and 2 MD 
weight FITC-dextrans (Sigma-Aldrich).  Entry of dye 
probed using two-photon excited fluorescence (780 nm 
Ti:S, 4 mW at the objective back aperture). 
 
Results:  We have shown that photo-cross-linked BSA 
microcavities are effective for trapping and culturing 
bacteria (Figs. 1 and 2).  Swelling behavior and mass 
transport properties of the matrix can be tuned by varying 
fabrication parameters.  We are able to close the 
microchambers by heating the TSB media to 37°C, the 
temperature which P. aeruginosa is normally cultured, 
causing the protein matrix to expand. Preliminary kinetic 
mass transport studies across the microcavity walls show 
that the time scales of entry of various molecular weight 

FITC-conjugated dextrans qualitatively follow 
expectations for molecular mass.  The most reproducible 
data, that for the 70 kD dextran, yields an apparent t1/2 for 
entry on the low second timescale that is ~20-fold longer 
than the expected diffusion time of the polymer through 
free solution. 

Figure 1. Confocal reconstruction 
of fluorescence images of  
P. aeruginosa in a BSA cavity, 
showing viability at high 
densities. Live (green) and dead 
(red) cells were visualized with a 
BacLight bacterial viability 
live/dead stain (Invitrogen).  Data 
was acquired with a Leica SP2 
AOBS confocal microscope with 
GFP and RFP filter sets, the 
channels were overlaid post-
imaging. The chamber is 25 μm 
wide x 6 μm tall, cavity volume 
estimated to be 2 pL. 

 
 
 

Figure 2.  Sequence showing a BSA microcavity (a) at room 
temperature and (b) at 37°C, trapping a single P. aeroginosa bacterium.   
 
Conclusions:  MDML fabrication of protein 
microstructures permits bacterial group activities to be 
studied under controlled conditions, as well as the 
capability to mimic in vivo environments.  Photo-cross-
linked protein matricies display hydrogel swelling 
characteristics, and chambers can be closed by swelling 
with heat.  Future studies will investigate quorum sensing 
of P. aeruginosa within microchambers using fluorescent 
reporter strains at varying cell densities.  Mass transport 
through chamber walls follows expected trends, and 
upcoming studies will reveal how mass transport and 
swelling characteristics can be tuned by varying 
crosslinking parameters such as average laser power and 
protein concentration. 
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