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Co-Supervisor: Andrew Ellington 

 

This dissertation describes the development and application of an approach for 

creating multiphoton crosslinked protein microchambers to characterize bacterial group 

behaviors in small populations (~101 – 105 cells). Porous protein cavities of desired size 

and geometry are made with sub-micrometer three-dimensional (3D) resolution using a 

dynamic mask-based multiphoton lithography (MPL) technique previously developed in 

the Shear Group. One aspect of this dissertation focuses on basic characterizations of 

properties of these materials key to their utility in studying entrapped bacteria. Studies are 

presented on the mass transport across microcavity walls (important for growth and 

signaling), and the temperature- and light-induced volume response (used to open/close 

microchamber apertures for cell entry/exit). Fabrication parameters are optimized to trap 

and manipulate small populations under in vitro conditions that are relevant to in vivo 

environments. The ability to culture bacteria at physiologic growth rates within protein 

microstructures has provided a unique platform to study the group behaviors of quorum 

sensing (QS) and antibiotic resistance in biologically relevant population sizes, a platform 

I have exploited to study group behaviors in the opportunistic pathogen, Pseudomonas 

aeruginosa. This work presents the first experimental evidence supporting the efficiency 
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sensing QS model by showing that QS-dependent gene expression is affected by both the 

population size and density, as well the external flow rate in the surrounding 

environment. The onset of antibiotic resistance is observed in as few as                       

~150 P. aeruginosa cells, and is shown to increase with cell density. Lastly, the 

development of a gelatin-based MPL approach that is demonstrated in situ to create 

confined populations of non-motile cells, free-floating 3D cultures, nested colonies, and 

spatially patterned polymicrobial communities of P. aeruginosa and Staphylococcus 

aureus. 
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Chapter 1: Introduction 

The concept that tiny creatures cause infectious disease was suggested centuries 

before Antony can Leeuwenhoek provided the first accurate description of unicellular 

organisms, “animalcules”, in pond water in the late 1600s [1]. Yet, progress toward 

connecting microorganisms to disease was hindered until innovations by Louis Pasteur 

and Robert Koch established methods to isolate and culture individual microbial species 

in the late nineteenth century – finally allowing scientists to associate specific bacteria 

with particular diseases [2-4]. The characterization of microbes over the last 100 years 

has uncovered a diverse world of bacteria that are influenced by their surroundings in 

sophisticated ways. Current culture techniques rely on flask- and plate-based approaches 

similar to those instituted by Pasteur and Koch and are not suited to represent the 

elaborate heterogeneous environments found in nature. Therefore, to identify how the 

native chemical and microscale physical interactions within microbial environments 

enable pathogenic bacteria to organize as groups and cause infection, researchers are 

again faced with the recurring challenge to develop new culturing technology [5-8].  

Since the widespread realization that microorganisms form complex multicellular 

communities that display coordinated group behaviors, the social interactions of bacteria, 

a field known as sociomicrobiology, has become one of the most highly studied topics in 

bacteriology [9-17]. Cells use a chemical signaling process, quorum sensing (QS), as a 

means to determine if the group has reached a sufficient density to operate as a “quorum” 

to accomplish tasks that are otherwise outside the domain of individual cells. Bacteria use 

QS to regulate the transcription of specific genes frequently present in pathogenic 

behaviors, such as biofilm formation and population-dependent antibiotic resistance [9, 

12-14, 17-20]. Early work in this developing field has established many of the molecular 

mechanisms, signaling molecules, and genes involved in QS, but little is known about 
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how and when cells sense these chemical signals or how environmental factors impact 

the onset of QS [9, 10, 12, 13, 17].  

Although in vitro studies of large groups of cells ( > 108) can provide useful 

information about the genes and behaviors associated with QS, bacteria are known to be 

present in many natural and in vivo settings in confined aggregates with only several 

thousand cells [21-26]. It is thought that small groups of 101 – 105 cells are an essential 

mode of transmission for a number of clinically significant pathogenic species, such as 

Pseudomonas aeruginosa and Staphylococcus aureus [21, 23-29]. Understanding how 

microscale spatial arrangement and social interactions allow bacteria to adapt in response 

to cell density within physiologically relevant population sizes is critical to recognizing 

how small aggregates of cells can effectively seed infections. Toward these ends, the 

work in this dissertation focuses on developing biocompatible materials to confine small 

groups of bacteria for studies on social behaviors in high-density/low cell number 

populations. 

 The ability to culture bacteria in spatially-confined microscale environments with 

defined physical and chemical properties will help elucidate not only how and when cells 

sense signaling molecules, but also how environmental factors can affect the onset of QS 

and the capacity of bacterial communities to chemically influence neighboring colonies 

[30]. For example, Flickinger et al. showed that spatially confined P. aeruginosa biofilms 

producing and secreting QS signals can expedite the growth of nearby colonies when 

chemical contact is conserved [31]. In another recent study, Koley et al. used scanning 

electrochemical microscopy (SECM) to “map” the concentration and distribution of a 

redox-active signaling molecule, pyocyanin, secreted from P. aeruginosa biofilms, and 

reported that the biofilm was able to establish a spatial gradient of the redox-active 

chemical signal up to hundreds of microns away from the biofilm [32].  Therefore, the 

capacity to pattern neighboring cellular populations at defined distances may provide 

insight into how bacteria communicate to organize cooperative pathogenic behaviors.  
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My work has focused on developing and characterizing environmentally sensitive 

protein-based materials to confine and dynamically interact with small groups of bacteria 

to ask fundamental questions about complex intercellular behaviors. The Shear Group has 

developed a dynamic mask-based lithographic strategy that provides the ability to rapidly 

iterate the three-dimensional (3D) geometry and volume of cell culture environments 

made from protein materials with submicron resolution [33-38]. These biocompatible 

protein materials are responsive to environmental stimuli, (e.g., pH, ionic strength, 

temperature, light) [34, 38, 39]. The tunable, responsive properties of these materials 

enable photocrosslinked protein matrices to be modified in the presence of cells, creating 

in vitro conditions more representative of dynamic in vivo environments. Furthermore, 

the porosity of these materials permits sufficient exchange of nutrient and waste 

molecules between the bacterial microenvironment and the surrounding medium, which 

facilitates normal cell division – a fundamental sign of physiologic relevance [33, 34, 36, 

38, 39]. These microfabrication strategies are then used to probe how the social behaviors 

of P. aeruginosa, an opportunistic human pathogen, change with various environmental 

conditions in small, high-density populations.  

1.1 MICROFABRICATION STRATEGIES FOR STUDYING BACTERIAL SOCIAL BEHAVIORS 

Microfabrication strategies have the potential to offer an attractive platform to 

create new cultivation substrates for manipulating and organizing bacterial populations at 

the cellular scale. Because so much remains unknown about how bacterial group 

behaviors are influenced by extracellular physical and chemical conditions, it is not yet 

feasible to design a completely universal cell culture platform. However, it is possible to 

establish versatile technologies and functional materials to confine cells and analyze 

complex intercellular behaviors. While no microfabrication technique is capable of 

creating an in vitro culture substrate truly identical to any in vivo environment, it is 
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helpful to define what features could enable researchers to address fundamental questions 

in sociomicrobiology. Several of these possible scenarios are depicted in Figure 1.1. 

Since bacteria interact with each other and their environment at the single cell 

level, an ideal culture substrate should have microscale resolution. To study intercellular 

interactions in a controlled manner, it is also helpful to spatially confine and isolate 

groups of cells. As previously discussed, bacteria often participate in group behaviors, 

such as QS, within populations as small as several thousand cells [21-26]. Thus, the 

ability to confine small, physiologically relevant population sizes is also desirable. In 

addition, because QS and other group behaviors, such as biofilm formation, occur within 

high-density bacterial communities, it would be useful to study group behaviors over 

varying densities while maintaining low cell number populations. To accomplish this, a 

novel culture method must be able to contain cells in volumes ranging from picoliters up 

to nanoliters. 

In addition to examining cells in confined volumes, arbitrary control over the 3D 

geometry would allow researchers to probe how spatial orientation and colony 

morphology influence social interactions. Furthermore, the power to dynamically control 

the size and shape of a microscale colony, for example, by opening or closing a 

passageway within a confined space, would enable scientists to study how groups of cells 

adapt to rapid changes in population density (Figure 1.1a). As demonstrated in the studies 

by Koley and Flickinger, biofilms can exert a chemical influence over the local 

environment [31, 32]. Therefore, the ability to pattern multiple groups of cells, either of 

the same or different species, in a defined manner would provide a means to further 

explore these interactions (Figure 1.1b). For example, forming physically and/or 

chemically interconnected colonies (Figure 1.1b-d), communities patterned at defined 

distances to one another, or nesting populations within a microcluster of a higher or lower 

density (Figure 1.1c) could provide useful insights into the effects of geometry on cellular 

communication and behavior.  
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Controlling the rate of chemical exchange, either between two colonies or a group 

of cells and its surrounding medium (Figure 1.1d), would create a means to study how 

populations adapt to differences in signaling efficiency or nutrient availability, as a result 

of increased mass transport, competition between populations or nutrient deprivation [19, 

40]. To maintain physiologically relevant growth rates, the materials used to confine the 

cells must be permeable to nutrients and cellular waste products, and able to culture cells 

at a range of temperatures, especially 37°C. Individual cells and small groups of bacteria 

confined in extremely small volumes using lipid-silica nanostructured cavities or 

microfluidic droplets of ~100 fL, have been observed to undergo QS [41, 42]. Although 

these confinement strategies are useful for studying QS in small numbers of cells under 

environmental stress, neither is suitable for exploring group behaviors in clinically 

relevant populations since the cells did not exhibit normal growth.  
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Figure 1.1: Possible microenvironments for studying bacterial social behaviors.           
(a) Dynamic control over the cell culture environment, by opening or 
closing a channel or aperture, could allow researchers to vary the population 
density on demand and observe how the cells adapt. (b) Physically and 
chemically interconnected colonies of multiple species, either in a mixed 
population (top) or one species nested within another (bottom), would 
facilitate systematic studies of polymicrobial interactions. (c) Organizing 
nested populations of different densities would provide a means to study 
how the phenotypic state of a colony influences nearby colonies. Here, a 
low-density population is nested inside a high-density community (top), and 
vice versa (bottom). (d) Controlling the porosity and/or thickness of the 
material confining the cells would provide a method to regulate the rate of 
chemical exchange either between different populations or the surrounding 
medium for a number of interesting experiments. Shown here, two colonies 
are separated, then the physical boundary between the two is decreased to 
increase the chemical contact between the colonies, by adjoining the wall, 
making it thinner, and eventually more porous (left to right).  
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Lastly, materials used to create the culture substrates need to be biocompatible. 

Without this attribute, the culture substrate itself may be toxic to the cells or influence 

their behavior in unpredictable ways. As previously mentioned, most microfabrication 

techniques cannot meet all of these requirements. However, it is important to consider as 

many of these factors as possible when using microfabrication methods to design 

versatile cell culture platforms for probing important concepts in sociomicrobiology. A 

handful of new lithographic tools suitable for biological applications have recently been 

developed, including multiphoton lithography (MPL) [43], ink-jet printing [44], and soft 

lithography [45, 46]. Ink-jet approaches are useful for patterning cells within small 

volumes at defined distances; however, they typically do not provide control over colony 

morphology or permit good chemical exchange [44]. Soft lithographic techniques are 

capable of pattering submicron features and chambers, but generally use materials with 

limited permeability, such as polydimethylsiloxane (PDMS), and do not provide a means 

to physically modify or perturb a population during an experiment.  

Protein-based MPL, a microfabrication strategy recently developed by several 

labs, including the Shear Group, offers a number of key advantages compared to other 

biocompatible fabrication methods, especially in terms of the porosity and responsive 

properties of the materials. Moreover, while these other emerging techniques can be used 

to create biocompatible substrates, MPL is the only intrinsically 3D approach. Because so 

much remains unknown about how bacterial group behaviors are influenced by 

extracellular physical and chemical conditions, I have focused on designing more 

versatile platforms to customize in vitro cellular microenvironments to better represent   

in vivo situations. I have expanded the utility of these protein materials by characterizing 

their volume changes in response to changes in temperature ( ≤ 37°C with cells) and 

exposure to visible light. The tunable, responsive properties of these materials provide the 

ability to design customized microenvironments that can be dynamically modified in the 
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presence of bacteria to address basic questions regarding cell behavior in small, confined 

populations. 

1.2 RESPONSIVE MATERIALS FOR FUNCTIONAL BIOLOGICAL INTERFACES 

Stimuli-responsive polymers have emerged as functional tools for a number of 

applications, including drug delivery [47-49], biosensors [50, 51], and cell culture [52, 

53]. These “smart” materials undergo physical volume changes in response to 

environmental stimuli, such as pH [34, 38, 54-56], electric field [57], ionic strength [34, 

58, 59], temperature [60, 61], and light [62, 63], and provide a means to achieve 

mechanical actuation on microscopic scales. For example, various microfluidic systems 

employ photo- and thermo-responsive polymers as valves to control flow [58, 62-65]. As 

a result of their tunable responsive properties, hydrogel-based materials have gained 

considerable interest for biological applications [61, 66]. Hydrogels are crosslinked 

polymer networks that contain a large fraction of water by volume. A number of stimuli, 

including temperature [67], pH [59], and light [68, 69], can induce changes in the 

hydration, and therefore, induce volume changes in the hydrogel materials.  

Various approaches have emerged to fabricate microscale features and 

mechanical actuation using hydrogel materials, such as electron-beam patterning, reactive 

ion beam etching in a Bosch process, standard soft lithographic methods, and MPL [34, 

45, 55, 56, 69-72]. However, MPL is the only microfabrication approach capable of 

patterning responsive hydrogels with 3D features [34, 55, 69]. For example,        

Watanabe et al. showed the ability to fabricate a photoresponsive acrylic-based hydrogel 

cantilever using MPL; but, this hydrogel required a 20 min exposure to ultraviolet (UV) 

light to induce actuation [69]. More recently, Kaehr and Shear demonstrated that       

MPL-fabricated protein matrices made from bovine serum albumin (BSA), avidin, and 

lysozyme undergo expansion and contraction in response to chemical stimuli (pH and 

ionic strength) [34]. I have worked improve the functional interface between 
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multiphoton-fabricated protein materials and bacterial cells by characterizing their 

responsive properties using more biologically tolerable stimuli (temperature changes and 

visible light exposure). Together, MPL and responsive protein-based hydrogels present 

an exciting platform to create biocompatible materials with submicron resolution that 

respond to environmental stimuli in a tunable, defined manner.  

1.3 MULTIPHOTON PROTEIN FABRICATION 

1.3.1 Multiphoton Excitation (MPE) 

Maria Göppert-Mayer first described the theoretical basis of multiphoton 

absorption in 1931 [73], but multiphoton excitation (MPE) was not shown experimentally 

until the early 1960s [74]. Although nonlinear excitation has been demonstrated using 

continuous-wave lasers [75], the high average powers required to reach intensities 

adequate for MPE have too many undesired consequences, such as generating heat and 

high energy scatter, to be practical for most bioanalytical applications. However, with the 

availability of high peak power pulsed laser systems, MPE has evolved into a highly 

versatile spectroscopic tool over the last two decades, with a myriad of applications 

including high resolution imaging deep into biological tissue and excitation of native 

fluorescence in cellular environments with minimal photodamage [76-79].  

For a one-photon excitation (1PE) event to occur, the energy of the photon source 

and the energy gap between the ground and excited electronic states of a chromophore 

must be equal (Figure 1.2). Interestingly, excitation can also occur through the near-

simultaneous absorption of multiple (two or more) lower energy photons, with a 

combined energy equal to the electronic energy gap of a chromophore. In a two-photon 

excitation (2PE) process, the first photon promotes an electron to a transient, short-lived 

virtual state that exists as a superposition of electronic energy states. Following this, a 

second photon must be absorbed to excite the electron from the virtual state to a real 

excited state before the electron relaxes to the ground state via photon scattering. The 
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virtual state only exists for a brief period of time (10-15 s); therefore, a high photon flux is 

required to achieve 2PE within this short window (Figure 1.2). 
 

 

Figure 1.2: One- and two-photon excitation. A simplified Jablonski diagram comparing 
one-photon excitation (1PE) and two-photon excitation (2PE). In 1PE, the 
energy of the absorbed photon (blue arrow) must equal the energy gap 
between the ground and excited electronic states of a chromophore. In 2PE, 
the same energy gap is traversed during the sequential, near-simultaneous 
absorption of two lower energy photons (red arrows). 

The excitation process of a chromophore can be interpreted as the following 

reversible chemical reaction [76]: 

€ 

M + n(hv)↔M * ,                                                  [1.1] 

where M and M* are the ground- and excited-states of a chromophore, respectively, hν is 

a photon, and n is the number of photons absorbed in the excitation event. When 

described in terms of “reactant” concentrations, the rate of the reaction for the formation 

of M* is then: 



 11 

€ 

D[M * ]
dt

= k[hv]n[M ]=δI n[M ],                                       [1.2] 

where k is the rate constant, I is the instantaneous intensity of the excitation light (in units 

of photons s-1 cm-2), and δ is the excitation cross-section (in units of cm2n(s/photon)n-1). 

This equation shows that the rate constant (k) and the excitation-cross section (δ) are 

directly proportional, and also the rate of MPE scales with intensity (I) raised to the 

number of photons involved, while the rate of 1PE correlates linearly with I.  

Because of the high intensity dependence of MPE, it is often useful to focus the 

excitation light to a small spot size. With high numerical aperture (NA) optics, it is 

possible to confine the excitation to a focal volume (voxel) < 1 μm3. In addition to 

improving the probability of MPE, spatial focusing also provides intrinsic 3D resolution 

in a nonlinear excitation regime [76-78, 80, 81]. When focused with high NA optics, 

output from a femtosecond laser source can attain intensities sufficient for efficient MPE 

while maintaining a low average power. A high peak power solid-state titanium:sapphire 

(Ti:S) oscillator, for example, typically delivers ~200 fs pulses followed by a delay of 

~13 ns (i.e., an 80 MHz repetition rate with a low duty cycle of ~10-5).  For example, a 

Ti:S beam with an average power of 10 mW focused using a high NA objective can reach 

instantaneous intensities on the order of ~1011 W cm-2 within the focal volume. Most 2PE 

processes can be achieved using < 50 mW average power from a Ti:S laser tuned in the 

near-infrared (IR) by focusing with high NA optics. 

1.3.2 Multiphoton Lithography (MPL) 

Although MPE has shown good applicability to biological imaging, the ability to 

perform localized photochemistry at benign wavelengths and laser powers is appealing 

for a number of non-imaging applications as well, including multiphoton fluorescence 

recovery after photobleaching MP-FRAP [82] and sensitive detection of biomolecules 

[76, 83]. In addition, nonlinear optical excitation has been used to perform 3D 

lithography using both synthetic (e.g., acrylate-and epoxy-based monomers) and      
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natural (protein) building blocks [43, 81, 84]. Multiphoton fabrication methods using 

resin-based materials have become valuable in a number of applications ranging from 

microelectromechanical systems (MEMS) to microfluidics [43, 85-87]. Pitts et al. 

originally demonstrated MPE-based photocrosslinking using proteins by patterning solid 

materials from solutions of BSA and photosensitizer [88, 89]. The Shear Group has 

extended protein-based microfabrication to develop customized 3D biological 

microenvironments.  

Numerous biological molecules are known to naturally undergo crosslinking 

reactions. For instance, UV-light induced crosslinking between photo-oxidizable amino 

acid residues in protein molecules causes some types of cataracts in the eye [90].  

Similarly, crosslinking between amino acid side chains can also be accomplished via 

MPE when high NA optics are used to tightly focus a pulsed Ti:S laser into a 

concentrated solution of protein and photosensitizer. MPE of photosensitizer molecules 

in fabrication solution initiates inter- and intramolecular covalent crosslinking reactions 

between amino acid side chains of the protein molecules. A photosensitizer can facilitate 

crosslinking via two general mechanisms (Type I and Type II) [91, 92]. In a Type I 

process, the photosensitizer is excited to a triplet state and then directly interacts with 

photo-oxidizable amino acid side chains by abstracting hydrogen, which can produce a 

variety of free radical species. In a Type II process, the photosensitizer is excited to a 

triplet state and then transfers energy to ground state molecular oxygen, forming singlet 

oxygen (1O2) that reacts with oxidizable amino acid residues [91, 92].   

In both Type I and Type II photosensitization processes, reactive intermediates 

promote inter- and intramolecular covalent crosslinking between oxidizable residues, 

such as His, Trp, Typ, Cys, Met, and Lys [91]. The bonds formed and residues involved 

in each type of sensitization can vary with the reactive species and the conformation of 

the protein. Two well-known Type II photosensitizers for protein fabrication, methylene 
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blue (Figure 1.3a) and Rose Bengal (Figure 1.3b), are used in the work presented in this 

dissertation [91, 92]. 

 

 

Figure 1.3: Chemical structures of photosensitizers commonly used in protein 
photocrosslinking. (a) Methylene blue and (b) Rose Bengal.  

The Shear Group has used MPE to fabricate a wide range of proteins including 

BSA, avidin, lysozyme, myoglobin, and cytochrome c [33, 34, 93-96]. Previous studies 

have shown that multiphoton fabrication can also be accomplished using sensitizers with 

low cytotoxicity, such as flavin adenine dinucleotide (FAD) [97]. Because MPE is 

typically limited to the focus of the laser, solid protein material is formed in a direct-write 

manner by moving the fabrication voxel through a solution of protein and 

photosensitizer. By raster-scanning the beam with a dual-axis galvanometer-driven 

scanner, fabrication can be performed in the focal (xy) plane. Protein microstructures can 

then be fabricated in three dimensions in a layer-by-layer process by translating the focus 

of the scanning beam in the optical (z) axis through solution. 

The studies described in this dissertation rely on a mask-directed MPL technique 

developed in the Shear Group that is capable of rapidly prototyping complex 3D 

geometries with submicron resolution [33, 36-38, 98, 99]. In this approach, a tightly 

focused Ti:S laser beam is scanned across the face of a digital micromirror device (DMD) 
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situated in a focal plane conjugate to the image plane of the microscope objective           

(Figure 1.4a). The DMD is an array of 800 x 600 (SVGA) individually addressable 

mirrors. Each 16-μm x 16-μm mirror can be switched between “on” and “off” states       

(± 10° tilt) using binary images sent to the DMD from a personal computer. Mirrors 

displaying white pixels in a binary mask correspond to an “on” position, and are angled 

to reflect the laser beam though the optical path into the inverted microscope and into the 

fabrication solution. In contrast, black pixels correspond to an “off” position, and direct 

the laser light to a beam block.  

Complex 3D microstructures can be fabricated within seconds-to-minutes in a 

layer-by-layer process by presenting 2D binary masks in sequence and coordinating a 

motorized focus driver to make defined vertical steps along the optical (z) axis between 

each fabrication plane. This automated process makes DMD-directed MPL a powerful 

tool capable of rapidly producing essentially any microarchitecture with arbitrary features 

and complexity (e.g., a fractal pattern, Figure 1.4b). This dynamic platform is well suited 

to design and create responsive protein materials for organizing communities of bacteria 

[33-37, 39, 100] and other cell types such as neurons [95, 97, 98] and cancer cells [101] 

(Figure 1.4c). 
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Figure 1.4: DMD-directed MPL. (a) Simplified schematic of DMD-directed MPL. The 
output of a titanium sapphire (Ti:S) laser is attenuated using a half-wave 
plate/polarizing beam-splitting cube (HWP/PBS) combination. A pair of 
galvo-driven mirrors raster scan the focused beam onto the face a DMD, 
placed in a conjugate plane to the focal plane of the high NA objective. 
Binary images displayed on the DMD direct protein fabrication of the mask 
pattern in the specimen plane by only reflecting light scanning across white 
(“on”) pixels through the optical path. (b) Brightfield image of a Pythagoras 
tree fractal pattern fabricated from BSA, demonstrating the ability to create 
arbitrary microscale features with DMD-directed MPL. (c) Scanning 
electron microscopy (SEM) image of a BSA microchamber filled with 
bacteria (Pseudomonas aeruginosa). The tear in the roof occurred during 
SEM preparation. The bacteria are false-colored green for visualization. 
Adapted from [39]. Scale bars: a, 10 μm; b, 10 μm; c, 5 μm. 
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1.4 CONCLUSION AND SUMMARY OF CHAPTERS 

This dissertation describes the adaptation of multiphoton microfabrication 

strategies to develop tunable protein materials for creating customized bacterial 

microenvironments. As the field of sociomicrobiology has emerged, researchers have 

learned that bacteria participate in complex social interactions to control the expression of 

certain phenotypes as a group, which can result in increased virulence [9]. The physical 

and chemical conditions of the extracellular microenvironment can affect the ability of 

bacteria to initiate and engage in chemical conversations, using QS to monitor population 

size and density [30]. Current flask- and plate-based culture methods typically involve     

> 108 cells, and are not capable of accurately reflecting the physical, chemical, and 

biological heterogeneity of either natural (in vivo) or clinically relevant environments. 

Since dense microclusters containing as few as 101 – 105 cells are thought to a primary 

mode of transmission for pathogens such as P. aeruginosa and S. aureus, there is a 

growing need to develop microscale culture strategies to isolate and manipulate high 

density/low-cell-number populations [21-26].  

Previous work in the Shear Group has used MPL to trap, incubate, and direct the 

motility of Escherichia coli at the single cell level in defined 3D microenvironments [33-

37, 39]. In addition, earlier studies demonstrated that photocrosslinked protein matrices 

exhibit a tunable hydrogel-like volume response to chemical triggers, such as pH and 

ionic strength [34, 38]. The work presented in this dissertation describes the development 

and characterization of novel protein “smart” materials that reproducibly respond to 

biocompatible stimuli, for the purpose of building and tailoring 3D microenvironments to 

address fundamental questions about bacterial group behaviors. Chapters 2 and 3 discuss 

the tunable volume response of various MPL-fabricated materials induced by temperature 

and light, respectively. The thermo- and photoresponsive properties are examined with 

respect to a number of fabrication parameters to define the precise conditions needed trap 

individual cells and later modify the population density on demand.  
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In Chapter 4, the environmentally sensitive materials and optimized conditions 

characterized in earlier chapters are directly applied to explore the onset of two important 

social behaviors, QS and population-dependent antibiotic resistance, in P. aeruginosa. In 

these studies, the three hypothesized signal sensing models are evaluated to provide the 

first experimental evidence to support the efficiency sensing paradigm [10, 102].     

Chapter 5 introduces the development of a gelatin-based MPL technique suitable for 

fabricating around bacteria in situ. This approach represents a major advancement in 

making MPL a powerful tool for microbiology. Gelatin-based MPL offers a wide range 

of advantages over solution-based protein fabrication for bacterial confinement – several 

are demonstrated in Chapter 5, including the ability to create free-floating 3D cultures, 

nested cultures, facile confinement of non-motile cells (S. aureus), and spatially patterned 

polymicrobial communities of P. aeruginosa and S. aureus.  
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Chapter 2: Thermoresponsive Properties of Multiphoton-Fabricated 
Protein Hydrogels 

2.1 INTRODUCTION 

Responsive “smart” materials have evolved to exhibit physical changes mediated 

by diverse range of environmental stimuli, including pH [1-6], electric fields [7], ionic 

strength [2, 6, 8], light [9-13] and temperature [5, 14, 15]. These functional materials 

have generated considerable attention as a potential means to achieve dynamic control in 

applications such as such as drug delivery and release systems [16-19], biosensors [20, 

21], microfluidics [8, 11, 12], and cell culture [22]. In particular, hydrogels – a class of 

materials made up of crosslinked polymer networks containing large volumes of water – 

have emerged as versatile materials with highly tunable responsive properties that are 

well-suited for biological applications [15, 23, 24]. Environmental stimuli can prompt 

expansion or contraction in hydrogel-based materials by changing the hydration state of 

the polymer network. Hydrogels have unique characteristics that make them attractive to 

interface with biological systems, such as the flexible chemistry to covalently incorporate 

biomolecules into a gel and the ability to respond to a variety of external stimuli, 

including pH, ionic strength, light, cell-secreted enzymes, and temperature [23-29].  

Since temperature is a simple experimental variable to control remotely and many 

biological processes are thermo-regulated, thermoresponsive hydrogels are among the 

most widely studied types of “smart” polymers for biological applications [15, 27, 30, 

31]. One of the more extensively characterized temperature-sensitive hydrogels,     

poly(N-isopropylacrylamide) (PNIPAm), exhibits a sharp transition between hydration 

states at 32°C, resulting in discrete expanded (hydrophilic) and contracted (hydrophobic) 

forms [15, 30], and has found use in applications ranging from drug delivery [31] to 

microfluidic actuators [32] and tissue engineering [27]. Bioactive hydrogels can be 

engineered by integrating biomolecules that directly interact with cells, such as             
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Ile-Lys-Val-Ala-Val (IKVAV), a peptide derived from laminin that promotes neuronal 

cell adhesion [24, 33]. Bioresponsive hydrogels can be prepared by incorporating 

enzyme-cleavable peptide sequences into the polymer crosslinks. This approach can be 

used to induce hydrogel expansion and release a pre-loaded compound (i.e., a drug or 

protein) in the presence of specific bacterial proteases, such as elastase or         

thermolysin [34].  

Fabrication strategies that can pattern responsive hydrogels with microscale 

features could further broaden the applications of these materials to create responsive 

biointerfaces for in vitro cell culture. Due to its three-dimensional (3D) spatial resolution, 

MPL has become an appealing technique for patterning stimuli-responsive hydrogel 

materials [2, 3, 5, 9, 35, 36]. Watanabe et al. demonstrated a multiphoton-fabricated 

acrylic-based hydrogel cantilever with ~50 μm feature resolution and light-responsive 

properties [9]. However, this hydrogel required exposure to ultraviolet light to induce 

actuation – a stimulus that is not very practical for some biological applications. Kaehr 

and Shear showed that photocrosslinked protein materials prepared using MPL respond 

to changes in pH and ionic strength, and that the hydrogel-like responsive behavior of 

these materials are tunable by varying the crosslink density of the protein matrix [2]. 

These chemical stimuli provided a means to rapidly expand and contract protein materials 

composed of bovine serum albumin (BSA) to release small numbers of Escherichia coli 

collected in microfabricated chambers.  

The E. coli cells used in the demonstrations by Kaehr and Shear were a “smooth-

swimming” strain, whose flagella only rotate in a clockwise direction, restricting the 

motility of the cells primarily to forward movement [2, 37]. Therefore, a rectifying 

geometry (i.e., a funneled entrance aperture and curved walls) provided an efficient 

mechanism to concentrate the E. coli within a protein microchamber. Early attempts to 

use multiphoton-fabricated microstructures with similar geometries proved to be 

insufficient to confine Pseudomonas aeruginosa cells, which have multidirectional 
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motility. One of the initial strategies devised to prevent the cells from escaping the 

microcavity – plugging the aperture of the BSA structure with a bead – revealed that 

multiphoton-fabricated protein matrices were also responsive to heat, when the bead plug 

was pushed out of the aperture upon raising the temperature to 37°C, the normal culture 

temperature for P. aeruginosa. However, the thermal-induced expansion of photo-

fabricated BSA evolved into an efficient means to trap motile bacteria in protein 

microstructures, and has been employed to study group behaviors, such as quorum 

sensing (QS) and antibiotic resistance, in small populations of P. aeruginosa, which are 

discussed in greater detail in Chapter 4 [35, 36]. 

This chapter describes the characterization of multiphoton-fabricated proteins 

as responsive materials by using temperature changes within biologically compatible 

regimes. Characterizing the response of photocrosslinked materials induced by stimuli 

that are not disruptive to most bacteria, such as temperature ( ≤ 37°C) or visible light, is 

critical to the development of these novel “smart” materials and using them to study 

small populations of microorganisms. Electrostatic interactions between the protein and 

residual photosensitizer, possibly bound to the protein or covalently incorporated into the 

hydrogel matrix, are demonstrated to influence the thermoresponsive behavior of these 

materials. The irreversible thermal-induced volume responses are investigated for two 

proteins (avidin [Av(+)] and BSA(-)) and two photosensitizers (Rose Bengal [RB(-)] and 

methylene blue [MB(+)])∗. The thermoresponsive properties of these materials are shown 

to be tunable by varying fabrication parameters that influence the crosslinking density. 

The impact of two chemical stimuli, pH and ionic strength, on the thermoresponsive 

behavior is also examined for photocrosslinked BSA(-) hydrogels. The ability to tailor 

these materials for specific cellular applications is demonstrated in vitro by trapping and 

releasing small populations of P. aeruginosa. Although the mechanism underlying the 

                                                
∗ The symbols (+) and (-) are used to denote the net charge of a molecule at pH 7.4 as positive or negative, 
respectively.  
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thermoresponsivity of crosslinked protein hydrogels is uncertain, we speculate increasing 

the temperature may enable metastable crosslinked protein matrices to undergo charge-

mediated rearrangements to achieve a more thermodynamically favorable conformation.  

2.2 EXPERIMENTAL METHODS 

2.2.1 Reagents 

Rose Bengal (330000), methylene blue (M-4159), Triton X-100 (X-100) and 

lysozyme (L6876) were purchased from Sigma-Aldrich (St. Louis, MO). Bovine serum 

albumin (BAH64-0100) was acquired from Equitech-Bio (Kerrville, TX). HEPES 

sodium salt (AC21500-1000) was obtained from Acros Organics (Geel, Belgium). Avidin 

(A-887) and biocytin-TMR (T-12921) were acquired from Invitrogen (Carlsbad, CA). 

Sodium chloride (S271-3) and sodium sulfate (S421-500) were purchased from Fisher 

Scientific (Fairlawn, NJ). Sodium phosphate, in the mono-, di-, and tribasic forms 

(SX0710-1, SX0751-1, and SX0725-1, respectively) were purchased from EM Sciences 

(Gibbstown, NJ). Tryptic soy broth (1010717) and carbenicillin disodium salt      

(BP2468-1), obtained from MP Biomedicals (Solon, OH) and Fisher BioReagents 

(Fairlawn, NJ), respectively, were used in cellular experiments. All reagents were stored 

according to the supplier’s directions and used as received without further purification. 

2.2.2 Bacterial Strains, Plasmids, and Culture Conditions 

P. aeruginosa PA01 constitutively expressing gfp from the plasmid pMRP9-1 was 

used in all cellular experiments [38]. For all bacterial studies, planktonic cultures were 

grown aerobically overnight in tryptic soy broth (TSB) containing 300 μg mL-1 (for 

plasmid selection) at 37°C. Cells were diluted from overnight cultures, grown at 37°C to         

mid-logarithmic-phase, allowed to reach room temperature, and introduced to protein 

microchambers using a pipette under sterile conditions. Once the P. aeruginosa were 

successfully trapped in microchambers, the sample well was washed with fresh TSB to 

remove any remaining un-trapped bacteria.  
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2.2.3 Protein Hydrogel Fabrication 

Photocrosslinked hydrogels were fabricated on untreated No. 1 coverglass secured 

in a thermally conductive ~2.5-mL aluminum well. To avoid the formation of aluminum 

oxide, each well was coated with an epoxy (Epoxy 907 Adhesive System, Miller-

Stephenson, Danbury, CT). Hydrogel test structures and bacterial microchambers were 

made using a DMD-directed MPL technique described in Chapter 1 and elsewhere [3, 39-

41]. In brief, the output of a mode-locked titanium:sapphire (Ti:S) laser (Tsunami; 

Spectra Physics) tuned to 740 nm was aligned into a confocal scan box (BioRad 

MRC600) and raster-scanned across the face of an electronic mask – a digital 

micromirror device (DMD), obtained from a dismantled business projector (MP510, 

BenQ) – that was positioned in a conjugate plane to the microscope objective image 

plane. The reflected laser beam was expanded and collimated to overfill the back aperture 

of an oil immersion objective (Zeiss 100X Fluar, 1.30 NA) situated on a Zeiss Axiovert 

inverted microscope.  

3D microstructures were made in a layer-by-layer fashion by moving the 

multiphoton fabrication voxel in the optical (z) axis in defined steps between scanned 

planes with a motorized focus driver (H122, Prior Scientific), with the thickness of each 

layer determined by the height of the voxel. Binary masks were created using PowerPoint 

(Microsoft Corporation, Santa Rosa, CA) and Photoshop (Adobe, San Jose, CA). The 

sequential presentation of image masks and the coordinated fine focus movements were 

controlled using LabVIEW software (National Instruments, Austin, TX). 

2.2.4 Characterization of the Thermoresponsive Properties of Protein Hydrogels  

The responsive properties of photocrosslinked hydrogels are influenced by 

multiple experimental variables, such as the protein, protein concentration, 

photosensitizer, photosensitizer concentration, average laser power, vertical step size 

between fabrication layers, laser wavelength, and scan velocity. For all hydrogel 
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characterization experiments presented in this chapter, the laser wavelength was 740 nm, 

the scan velocity was fixed at 21 μm s-1, and a half-wave plate/polarizing beam splitting 

cube pair was used to adjust the laser output to 50 mW at the back aperture of the 

objective. The thermal response of multiphoton-fabricated hydrogels was evaluated for 

two proteins (Av(+) and BSA(-)) and two photosensitizers (RB(-) and MB(+)) at varying 

concentrations (RB(-): 3.5 – 11.5 mM, MB(+): 0.5 – 4.5 mM). For RB(-)/BSA(-) hydrogels, 

the effect of the optical (z) axis step size between fabrication layers (0.10 – 1.00 μm) and 

the thermal response in combination with the chemical stimuli of pH (20 mM phosphate 

buffers at pH 2.0 and pH 12.0) and ionic strength (up to 1.00 M Na2SO4) were also 

examined.  

For each sample, solid hydrogel microstructures were created within a ~50 μL 

aliquot of RB(-) or MB(+), and 400 mg mL-1 Av(+) or BSA(-) prepared in a 20 mM HEPES 

(pH 7.4, 0.1 M NaCl) buffer. Individual test structures were fabricated to be                   

10.00 x 10.00 x 8.00 μm (length x width x nominal height). All bacterial microstructures 

were fabricated to have a chamber with a nominal height of 8.00 μm and a roof with a 

nominal thickness of 1.50 μm. Here, and in the forthcoming chapters of this dissertation, 

the term ‘nominal’ height (or thickness) is used to describe the total distance that the 

fabrication voxel was moved along the optical axis (into the solution) by the motorized 

focus driver. However, some degree of overlap is required to connect each subsequent 

layer to the nascent microstructure; therefore, the optical axis step size between 

fabrication layers must be smaller than the axial component of the fabrication voxel. 

Since the multiphoton fabrication voxel is elongated in the axial (z) dimension, the actual 

height of a photocrosslinked microstructure is marginally greater than would be expected 

for given number of optical steps of a defined size. Furthermore, the height of a 

microstructure can also vary as the magnitude of the voxel overlap between layers 

changes relative to optical axis step size.  
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Post-fabrication, the sample well was washed out and filled with HEPES buffer. 

Each aluminum well contained ~2.5 mL of buffer (or TSB for cellular samples) for the 

duration of the experiment. The solution temperature within the sample well was 

controlled with a microscope stage heater (Brook Industries, Lake Villa, IL) and 

monitored using a thermocouple (Omega Engineering, Stamford, CT) positioned near the 

surface of the coverglass in close proximity to the protein microstructures. Each 

temperature step was achieved within 5 min, and then held constant for a period of 5 min 

prior to imaging. Control experiments with longer incubation times (up to 3 h) showed 

that the full thermal response was realized within the first 5 min. Because the ambient 

could change between 16 and 21°C within a day, all experiments were initiated at 23°C 

for consistency. All temperatures values reported are accurate to within ± 0.2°C.  

2.2.5 Imaging and Data Analysis 

Samples were imaged under brightfield illumination on an inverted Zeiss 

Axiovert microscope using an ORCA-II scientific-grade 12-bit charge-coupled device 

(CCD) camera (Hamamatsu) and a 40X infinity corrected air objective (Olympus 

UPlanFl, 0.75 NA). Images were acquired using MetaMorph software (Universal 

Imaging, Sunnyvale, CA). All image processing and analysis was done with ImageJ 

(National Institutes of Health, Bethesda, MD) and Photoshop (Adobe, San Jose, CA). The 

swelling ratio (A/A0) is defined as the ratio of the area (A) determined from an image 

plane acquired at the top of a test microstructure at any given temperature relative to the 

initial area (A0) of the top of the same test structure at 23°C the start of the experiment. 

Each replicate represents a separate test structure created within the same sample using 

the same fabrication conditions.  

2.3 RESULTS AND DISCUSSION 

Multiphoton-fabricated protein hydrogels have many characteristics beneficial for 

applications in biological environments, including tunable responsive and mechanical 
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properties, chemical functionality, and low toxicity [2, 3, 35, 39-49]. Kaehr and Shear 

illustrated that photocrosslinked protein matrices exhibit a rapid, hydrogel-like response 

to abrupt changes in the local chemical environment (pH, ionic strength) [2]. Recently, 

Ritschdorff et al. developed a multifocal-MPL approach capable of simultaneously 

patterning microstructures with varying crosslink densities to create multiple, spatially 

localized zones with differential expansion and contraction in response to pH [3]. The 

studies presented in this chapter characterize the hydrogel-like behavior of multiphoton-

fabricated protein materials and establish tunable volume changes in response to 

temperature.   

2.3.1 Thermoresponsive Avidin(+) Hydrogels 

Av(+) is a tetrameric protein that binds four equivalents of the small molecule 

biotin with an extremely high affinity. Kaehr and Shear demonstrated that 

photocrosslinked avidin matrices retain the ability to bind biotin and respond to chemical 

stimuli (pH and ionic strength) with a different swelling profile than BSA(-) [2]. In this 

section, the thermoresponsive properties of avidin hydrogel materials were examined by 

fabricating Av(+) test structures using a 0.25-μm optical axis step size and either            

5.5 mM RB(-) or 2.5 mM MB(+). Separate sets of test structures fabricated using each 

photosensitizer were incubated overnight either in HEPES buffer or 5 μM biotin-TMR (to 

determine biotin binding via red-channel fluorescence). Beginning at 23°C, and the 

thermal response of each set of Av(+) test structures was evaluated sequentially at four 

higher temperatures (23 → 27 → 32 → 37 → 43°C). Although the RB(-)/Av(+) hydrogels 

retained the capacity to bind biotin-TMR, neither the RB(-)/Av(+) nor the                        

RB(-)/Av(+)+biotin-TMR test structures underwent a volume change in response to 

increased temperatures. However, increasing the temperature induced MB(+)/Av(+) 

hydrogels to contract. These results are shown in Figure 2.1. 
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Figure 2.1: Thermal-induced response of MB(+)/Av(+) and MB(+)/Av(+)+biotin-TMR 
hydrogels. Identical sets of Av(+) test structures fabricated using                 
2.5 mM MB(+) and a 0.25-μm optical axis step size were incubated overnight 
at room temperature – one in HEPES buffer and the other in 5 μM biotin-
TMR, and then washed out with HEPES buffer the following morning. 
MB/avidin hydrogels incubated in HEPES buffer contracted when the 
temperature was increased (dark gray). Biotin binding attenuated the 
thermal-induced volume contraction (light gray). The y-axis represents the 
fractional decrease in area (A) as a result of increasing the temperature. 
Error bars are one standard deviation (N = 4). 

Multiphoton-fabricated MB(+)/Av(+) hydrogels contracted in response to raised 

temperatures. Furthermore, the thermal-induced volume contraction of photocrosslinked 

MB(+)/Av(+) matrices was attenuated ~50% when biotin was bound. For 2.5 mM MB(+) and 

a 0.25-μm optical axis step size between fabrication layers, increasing the temperature to 
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37°C induced a volume contraction of ~7% and ~3% for Av(+) and Av(+)+biotin-TMR 

hydrogels, respectively. 

Kaehr and Shear reported that combining two proteins, BSA(-) and lysozyme(+), at 

different ratios provided a means to tune the pH-induced volume response of these 

“hybrid” hydrogel materials [2, 39, 40]. In the studies shown in Figure 2.2, the concept of 

combining proteins was explored as a possible means to tailor the thermoresponsive 

properties of crosslinked avidin materials. Av(+)/BSA(-) hybrid hydrogel matrices were 

fabricated from solutions composed of 2.5 mM MB(+) and total protein concentration of   

400 mg mL-1 with different percentages (by mass) of Av(+) and BSA(-) (50%, 67%, 75%, 

and 100% avidin). Hydrogel test structures fabricated using a 0.50-μm optical axis step 

size for each protein mixture were brought to 23°C, and the thermal-induced response 

was examined at four higher temperatures (23 → 27 → 32 → 37 → 43°C). These results 

are shown in Figure 2.2. 
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Figure 2.2: Tuning the thermoresponsive properties of MB(+)/Av(+) hydrogels using 
BSA(-). Mixed protein hydrogels were fabricated with varying mass 
percentages of Av(+) and BSA(-), each having a total protein concentration of 
400 mg mL-1, 2.5 mM MB(+), and a 0.50-μm optical axis step size. The       
y-axis represents the fractional decrease in the area (A). Error bars are one 
standard deviation (N = 4). 

The results in Figure 2.2 illustrate that the thermal response of MB(+)/Av(+) 

hydrogels can be tuned by adding varying amounts of BSA to the fabrication solution. 

The thermal-induced volume contraction exhibited by MB/avidin hydrogels was shown 

to decrease with increasing BSA(-) concentration. In addition to improving the structure 

quality of Av(+) hydrogels, these results illustrate that adding BSA(-) to Av(+) fabrication 

solutions provides the ability to tailor the thermoresponsive properties of protein 

hydrogel materials.  
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Given that dissolved Av(+) denatures at 84°C [50, 51], it is not likely that the 

thermal-induced volume contraction observed between 23-43°C of photocrosslinked  

MB(+)/Av(+) hydrogels occurs as a result of heat denaturation. Furthermore, biotin binding 

enhances the thermal stability of Av(+), with the Av(+)-biotin complex reportedly 

undergoing denaturation at 117°C [50]. Although the mechanism of thermal-induced 

contraction of multiphoton-fabricated MB(+)/Av(+) hydrogels remains unclear, it could be a 

result of electrostatic interactions between Av(+) and residual MB(+) within the hydrogel 

post-fabrication. It is possible that crosslinking process could lock the protein matrix in a 

metastable configuration, and that increasing the temperature allows the protein to 

undergo rearrangements to a more thermodynamically favorable state. These 

temperature-initiated conformational changes may reveal previously buried regions of 

charge, which could prompt further reorganization to stabilize electrostatic attraction or 

repulsion. Moreover, since this reorganization may lead to a more stable thermodynamic 

conformation, it is not likely to be reversible upon lowering the temperature. 

Charge interactions have been shown to mediate expansion and contraction in 

peptide-modified poly(ethylene glycol acrylamide) (PEGA) hydrogel particles loaded 

with charged proteins (Av(+) and BSA(-)) [24, 52]. The thermal studies in this chapter were 

done in HEPES buffer at pH 7.4, where Av(+) carries a net positive charge (isoelectric 

point [pI] = 10.0 – 10.5), MB(+) is positively charged (pKa ~1.0) and RB(-) holds a 

negative charge (pKa 3.9, 4.7) [53-55]. After fabrication and extensive washing, the 

multiphoton-fabricated structures remained colored (pink for structures made using RB(-), 

and blue for structures made using MB(+)), which indicates that the photosensitizer may 

be retained in binding pockets of the protein or covalently attached to the hydrogel 

matrix. Interestingly, no measureable thermal-induced volume response was observed for 

the oppositely charged RB(-)/Av(+) hydrogels, whereas the positively charged MB(+)/Av(+) 

matrices contracted in response to increased temperature. This charge-guided 

rearrangement process may occur to a lesser extent when biotin is bound because it 
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provides additional thermal stability. Furthermore, since the pIBSA is 4.7-4.9 [55], it is 

negatively charged at pH 7.4, which may also enhance the thermal stability of the Av(+) 

matrix (thereby reducing the degree of thermal-induced contraction). Charge is also 

observed to mediate the thermoresponsive behavior of photocrosslinked BSA(-) hydrogels 

made with RB(-) and MB(+), which will be discussed in more detail in the next section. 

2.3.2 Thermoresponsive BSA(-) Hydrogels 

The thermoresponsive properties of photocrosslinked BSA(-) hydrogels were 

examined by fabricating sets of BSA(-) test structures using either 5.5 mM RB(-) or                

2.5 mM MB(+) as a photosensitizer and a 0.50-μm optical axis step size between 

fabrication layers. The thermal response of the BSA(-) test structures was assessed by 

increasing the temperature from 23°C to 43°C. Because the thermoresponsive properties 

of these materials were characterized to be used in the presence of bacteria, the 

temperature was not raised above 43°C. Elevating the temperature to 43°C caused      

RB(-)/BSA(-) hydrogels to expand to a mean A/A0 value of 1.10 ± 0.01. However, 

MB(+)/BSA(-) hydrogels were not observed to undergo a change in volume in response to a 

temperature increase.   

To determine whether the thermal-induced volume expansion of RB(-)/BSA(-) 

hydrogel matrices is reversible, an additional set of BSA test structures were made using 

5.5 mM RB(-) and a 0.50-μm optical axis step size between fabrication layers. Beginning 

at 23°C, the reversibility of the thermal-induced expansion for this set of RB(-)/BSA(-) test 

structures was evaluated at four higher temperatures, returning to 23°C between each 

increased temperature as follows: 23 → 27 → 23 → 32 → 23 → 37 → 23 → 43°C. 

These results are shown in Figure 2.3. 
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Figure 2.3: Irreversible thermal-induced response of RB(-)/BSA(-) hydrogels. BSA(-) test 
structures fabricated using 5.5 mM RB(-) and a 0.50-μm optical axis step size 
between fabrication layers. The reversibility of the thermal-induced 
expansion was examined at four higher temperatures, returning to 23°C 
between each temperature step. Error bars represent one standard deviation 
(N = 4). 

The RB(-)/BSA(-) hydrogels did not return to their original size when the 

temperature was returned to 23°C between the increasingly higher temperature steps. 

Although some differences in A/A0 were noted when the temperature was returned to 

23°C, these variations were small and within the experimental error. Therefore, the 

thermal-induced volume expansion of RB(-)/BSA(-) hydrogels was concluded to be an 

irreversible process.  
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Unlike Av(+), BSA(-) is known to undergo a two-step thermal denaturation process, 

at ~30°C and 65 – 70°C, where the first denaturation is reversible [56-58]. However, as 

the data in Figure 2.3 show, the thermal-induced volume expansion exhibited by         

RB(-)/BSA(-) hydrogels is irreversible. Since the temperature was not raised above 43°C in 

these experiments, thermal denaturation by itself cannot be responsible for the 

irreversible nature of the thermal-induced volume response. Instead, it is possible that, 

similar to the MB(+)/Av(+) hydrogels discussed in the previous section, the fabrication 

process may trap RB(-)/BSA(-) matrix in a metastable conformation. Increasing the 

temperature could allow the protein to undergo rearrangement to achieve a more 

thermodynamically optimized state. As discussed in Section 2.3.1, charge interactions 

have been demonstrated to impact the ability of peptide-modified PEGA hydrogels to 

undergo expansion and release charged proteins (BSA(-) and Av(+)) in response to 

enzymatic stimuli [24, 34, 52]. In the case of RB(-)/BSA(-), increased water content causes 

the matrix to expand, potentially better isolating negative charges that the thermal-

induced rearrangement may reveal. This volume response may be irreversible as a result 

of the more stable charge configuration in the expanded state, making it unfavorable to 

return to the original size.   

The absence of a thermal-induced volume change for BSA(-) matrices fabricated 

with MB(+) is not surprising considering that these hydrogels are composed of an 

oppositely charged photosensitizer and protein, analogous to the RB(-)/Av(+) combination. 

Interestingly, unlike MB(+)/Av(+) hydrogels, which have a net positive charge and contract 

in response to increasing the temperature, multiphoton-fabricated RB(-)/BSA(-) matrices 

carry a net negative charge, and exhibit thermal-induced volume expansion. Though the 

mechanisms of the temperature-induced responses of photocrosslinked materials made 

using RB(-)/BSA(-) and MB(+)/Av(+) remain unknown, the charge-mediated effects between 

the protein and photosensitizer composing a hydrogel may contribute to the ability of the 

material to respond to a thermal stimulus.  
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It is important to note that while hydrogels fabricated from the same chemical lot 

of BSA(-) exhibit a reproducible response to temperature, the magnitude of the volume 

expansion has been observed to vary between different chemical lots of the protein. A 

discussion with the manufacturer (Equitech-Bio) has revealed that individual lots of 

BSA(-) that were found to be less responsive to temperature as fabricated hydrogels had 

been subjected to an increased number of washes during the purification process to 

improve the protein content, which also had the effect of reducing the fatty acid content 

by up to 50%. Serum albumin acts as the main carrier protein in mammalian blood 

plasma, and one of its key functions is to nonspecifically bind, transport, and deliver 

insoluble hydrophobic compounds, such as lipids and fatty acids throughout the body 

[56]. Although the exact number varies with different species, most serum albumins have 

six fatty acid binding sites and generally have 1 – 2 fatty acids bound per albumin 

molecule at a time under physiological conditions [56]. It has been reported that fatty 

acids can impact the conformation and physical properties of BSA(-) [59]. 

Examination of BSA(-) from multiple lots obtained before and after the 

purification process was altered confirmed that photocrosslinked BSA(-) hydrogels 

fabricated using BSA(-) from lots with higher fatty acid content are more responsive to 

temperature. The manufacturer will not disclose any further information regarding the 

purification process, which fatty acids are present, or any other impurities or composition 

changes in the protein as a result of additional washing during production. Therefore, 

short of directed studies in our lab, it is impossible to elucidate the role of fatty acids in 

regulating the thermally responsive properties of multiphoton-fabricated BSA(-) 

hydrogels. The only way to avoid such variations among individual lots (animals, farms, 

etc.) would be to establish an overexpression protocol, such as a bacterial system using   

E. coli as an expression host, to harvest and purify the protein in-house and use the same 

bacterial source, plasmid expression vector, and purification techniques for each lot. 
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2.3.3 Tuning the Thermoresponsive Properties of RB(-)/BSA(-) Hydrogels 

As demonstrated in Section 2.3.1 for MB(+)/Av(+) hydrogels, the degree of volume 

contraction in response to temperature can be precisely tuned by binding biotin to the 

Av(+) matrix after fabrication, or by using varying ratios of BSA(-) and Av(+) in the 

fabrication solution. Additionally, Kaehr and Shear established that the chemically 

induced responsive behavior of BSA(-) hydrogels is tunable by varying the crosslink 

density of the protein material [2]. This section examines the ability to tailor the 

thermoresponsive properties of multiphoton-fabricated RB(-)/BSA(-) hydrogels by 

perturbing the electrostatic environment with MB(+) (Figure 2.4) and varying parameters 

that influence the crosslinking density during fabrication. Although a number of 

fabrication conditions, including the average laser power and scan speed, influence the 

crosslinking density, the two that are separately evaluated in this section are the optical 

axis step size between fabrication layers (Figure 2.5) and the photosensitizer (RB(-)) 

concentration (Figure 2.6). 

Although BSA hydrogels fabricated with MB(+) do not undergo a volume change 

in response to increased temperatures, it was observed that adding negative charge   

(BSA(-)) to MB(+)/Av(+) hydrogels attenuated the volume contraction. This same concept 

was explored for RB(-)/BSA(-) hydrogels by exposing test structures to MB(+) rather than 

adding it to the fabrication solution, since fabricating in the presence of MB(+) may result 

in an unintended increase in the crosslinking density. To determine the effect of 

perturbing the electrostatic interactions with MB(+), six replicate sets of BSA(-) hydrogel 

test structures were fabricated using 5.5 mM RB(-) and a 0.50-μm optical axis step size. 

After fabrication, each sample was washed thoroughly using multiple volumes of HEPES 

buffer to remove any RB(-) and BSA(-) not incorporated in the test structures from the 

sample well. Next, the samples were incubated for a 15-min period in varying 

concentrations of MB(+) (0.0, 0.5, 1.0, 2.0, 3.5, and 4.5 mM), and washed with HEPES 

buffer again to remove any MB(+) not associated with the test structures. The samples 
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were brought to 23°C, and thermal-induced response was examined at four higher 

temperatures (23 → 27 → 32 → 37 → 43°C). The results are shown in Figure 2.4. 
 

 

Figure 2.4: Tuning the thermal-induced response of RB(-)/BSA(-) hydrogels using MB(+). 
BSA(-) test structures were fabricated using 5.5 mM RB(-) and a 0.50-μm 
optical axis step size between fabrication layers. The thermal-induced 
expansion of RB(-)/BSA(-) hydrogels was evaluated after incubating in 
varying concentrations of MB(+) for 15 min. Error bars represent one 
standard deviation (N = 4). 

The results shown in Figure 2.4 suggest that disturbing the electrostatic 

interactions between RB(-) and BSA(-) within the hydrogel matrix using increasing 

concentrations of MB(+) attenuates the temperature-induced volume expansion of the 

material. In these studies, raising the temperature to 43°C caused RB(-)/BSA(-) test 

structures incubated in 0.0 mM MB(+) (the control) and 4.5 mM MB(+), to expand to a 
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mean A/A0 of 1.11 ± 0.01 and 1.04 ± 0.01, respectively – a nearly three-fold reduction in 

expansion.  

One would predict that increasing the number of covalent crosslinks within the 

matrix would limit the ability of a protein matrix to undergo geometrical changes. 

Therefore, varying experimental parameters that modify the crosslinking density during 

fabrication presents another means to tune degree of thermal-induced expansion exhibited 

by RB(-)/BSA(-) hydrogels. Figure 2.5 shows the thermal response of BSA(-) hydrogel test 

structures fabricated using 5.5 mM RB(-) and four different optical axis step sizes 

(distances) between fabrication layers: 0.10, 0.25, 0.50, and 1.00 μm. Increasing the 

magnitude of the optical axis step size results in less intensity at the interface between 

each fabrication layer, and thus, a lower crosslinking density. The tested range of optical 

axis step sizes using 5.5 mM RB(-) produced BSA(-) hydrogel matrices with an adequate 

variety of crosslink densities to observe a trend in the thermal-induced response without 

sacrificing structural integrity. For each optical axis step size, the number of fabrication 

layers was adjusted to make the test structures the same nominal height (~8 μm). 

Beginning at 23°C, the thermal-induced response was examined at four higher 

temperatures (23 → 27 → 32 → 37 → 43°C). The results from this experiment are 

shown in Figure 2.5. 
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Figure 2.5: Tuning the thermal-induced response of RB(-)/BSA(-) hydrogels using 
different optical axis step sizes between fabrication layers. BSA(-) test 
structures were made using 5.5 mM RB(-) were all fabricated to have the 
same nominal height (~8 μm). The thermal-induced volume response of            
RB(-)/BSA(-) hydrogels was examined for four increasingly larger distances 
between fabrication layers. Error bars represent one standard deviation       
(N = 4).  

As expected, increasing the distance between fabrication layers also increased the 

magnitude of the thermal-induced expansion of RB(-)/BSA(-) hydrogels, as a result of 

lowering the crosslink density of the protein matrix. By increasing the temperature to 

43°C, RB(-)/BSA(-) test structures fabricated with an optical axis step size of 0.10 μm and 

1.00 μm between layers expanded to a mean A/A0 of 1.06 ± 0.01 and 1.17 ± 0.02, 

respectively (Figure 2.5).  
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Similar to increasing the optical axis step size, decreasing the photosensitizer 

concentration should lower the crosslinking density and produce a higher degree of 

thermal expansion of a RB(-)/BSA(-) hydrogel. To examine the effect of the 

photosensitizer concentration on the thermal response of BSA(-) hydrogels, test structures 

were made using a 0.50-μm optical axis step size between fabrication layers and four 

different RB(-) concentrations (3.5, 5.5, 8.8, and 11.5 mM). This concentration range 

produced a series of RB(-)/BSA(-) matrices with varying crosslink densities sufficient to 

demonstrate a trend in the thermal-induced response without jeopardizing the integrity of 

the structure. Starting at 23°C, the thermal-induced response was examined at four higher 

temperatures (23 → 27 → 32 → 37 → 43°C). The results from this study are shown in 

Figure 2.6. 
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Figure 2.6: Tuning the thermal-induced response of RB(-)/BSA(-) hydrogels using 
different RB(-) concentrations. BSA(-) structures were made using a 0.50-μm 
optical axis step size between fabrication layers. The thermal-induced 
volume response of RB(-)/BSA(-) hydrogels was evaluated for four 
increasingly higher concentrations of RB(-). Error bars represent one 
standard deviation (N = 4). 

As predicted by lowering the photosensitizer (RB(-)) concentration, the magnitude 

of the thermal expansion of the RB(-)/BSA(-) hydrogels increased (Figure 2.6). Raising the 

temperature to 43°C caused RB(-)/BSA(-) test structures fabricated with 3.5 mM and           

11.5 mM RB(-) to expand to a mean A/A0 of 1.12 ± 0.02 and 1.07 ± 0.01, respectively 

(Figure 2.6). The increase in thermal-induced expansion of BSA(-) hydrogels as the RB(-) 

concentration is decreased is most likely a consequence of reducing the crosslinking 

density due to fewer photochemical reactions occurring during fabrication. 
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The results in this section illustrate how the thermoresponsive properties of      

RB(-)/BSA(-) hydrogel materials can be tailored with numerous experimental variables. 

The ability to tune the thermal-induced volume response of RB(-)/BSA(-) hydrogels by 

altering the crosslink density of the protein matrix was demonstrated using two different 

fabrication parameters – the optical axis step size between fabrication layers and the 

photosensitizer concentration. However, it should be possible to achieve analogous 

effects by modifying one, or many, of the fabrication parameters that influence the 

crosslinking density, such as the average laser power, scan velocity, and protein 

concentration. Perturbing the electrostatic interactions within the photocrosslinked 

RB/BSA hydrogel by incubating in MB(+) was demonstrated to attenuate the degree of 

thermal-induced expansion. Therefore, one would speculate that disrupting the 

electrostatic interactions within a protein hydrogel using other charged species, such as 

polyamino acids, may increase, decrease, inhibit, or reverse the thermal-induced volume 

response. Moreover, altering the electrostatic microenvironment within a hydrogel matrix 

may provide a means to achieve thermal-induced volume expansion or contraction using 

materials fabricated from ‘unresponsive’ photosensitizer-protein combinations             

(i.e., RB(-)/Av(+) and MB(+)/BSA(-)). 

2.3.4 Thermoresponsive Properties of RB(-)/BSA(-) Hydrogels in the Presence of 
Chemical Stimuli 

Kaehr and Shear previously showed that crosslinked BSA(-) matrices in a          

pH-responded volume state could be manipulated further by introducing an additional 

stimulus (ionic strength) [2]. Since the temperature-induced expansion of RB(-)/BSA(-) 

hydrogels is irreversible, the studies in this section use this concept to examine the 

possibility of reversing or modifying a thermal response by using chemical stimuli (pH 

and ionic strength) in combination with changes in temperature.   

The pH-responsive behavior of BSA(-) hydrogels reported by Kaehr and Shear 

used MB(+) as the photosensitizer [2]; and because MB(+)/BSA(-) hydrogels are not 
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thermoresponsive, before examining the combined effects of pH and temperature, it was 

necessary to establish that RB(-)/BSA(-) hydrogels could exhibit a thermal-induced volume 

response after being exposed to changes in pH. The ability of photocrosslinked            

RB(-)/BSA(-) hydrogels to respond to thermal stimuli after a pH change was evaluated by 

increasing the temperature 37°C after incubating test structure in either acidic (pH 2.0) or 

basic (pH 12.0) conditions. For each pH change, RB(-)/BSA(-) hydrogels were incubated in 

solutions of 20 mM phosphate, buffered to either pH 2.0 or pH 12.0 for 15-min periods. 

Two replicate sets of BSA(-) test structures made using 5.5 mM RB(-) and a 0.50-μm 

optical axis size between fabrication layers were used for these studies. To begin the 

experiment, the two samples were incubated at either pH 2.0 or pH 12.0 for a 15-min 

period at 23°C. After returning the samples to pH 7.4 by washing with HEPES buffer, the 

temperature was increased to 37°C, and finally brought back to 23°C. The results from 

these studies are shown in Figure 2.7.  
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Figure 2.7: Thermal-induced response of RB(-)/BSA(-) hydrogels after incubation in 
acidic (pH 2.0) and basic (pH 12.0) environments. BSA(-) test structures 
made using 5.5 mM RB(-) and a 0.50-μm optical axis step size between 
fabrication layers were incubated for 15 min in phosphate buffer at either 
pH 2.0 (black line) or pH 12.0 (red line), returned to pH 7.4. The thermal-
induced behavior after exposure to the low and high pH conditions was 
evaluated by increasing the temperature to 37°C and then returning the 
samples to 23°C again. Inset: an enlarged view of the thermal-induced 
response. Error bars represent one standard deviation (N = 4). 

When the test structures underwent a change in pH from pH 7.4 to pH 2.0 or     

pH 12.0, the RB(-)/BSA(-) hydrogels expanded to a mean A/A0 value of 1.55 ± 0.08 and      

1.92 ± 0.06, respectively (Figure 2.7). Once the RB(-)/BSA(-) hydrogels were returned to   

pH 7.4, the test structures that had been subjected to pH 2.0 and pH 12.0 both contracted 

to a mean A/A0 value of 1.02 ± 0.02 and 1.14 ± 0.03, respectively. While increasing the 
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temperature to 37°C caused a small volume expansion with a mean A/A0 value of       

1.05 ± 0.03 for the test structures that were incubated at pH 2.0, the RB(-)/BSA(-) 

hydrogels that were incubated at pH 12.0 did not exhibit a measurable change in volume         

(Figure 2.7, inset). Relative to the thermal-induced expansion at 37°C demonstrated for 

BSA(-) hydrogels fabricated with the same conditions (5.5 mM RB(-) and a 0.5-μm optical 

axis step size) in Figures 2.3-2.6, incubating RB(-)/BSA(-) hydrogels at pH 2.0 attenuated 

the expansion by ~30%.  

In the demonstrations using multiphoton-fabricated MB(+)/BSA(-) hydrogels by 

Kaehr and Shear, increasing the ionic strength with non-chaotropic salts (salts that do not 

disrupt protein structure) induced the MB(+)/BSA(-) hydrogels to contract [2]. The studies 

shown in Figure 2.8 demonstrate the combined response of the RB(-)/BSA(-) hydrogels to 

thermal and chemical stimuli. In these studies, the ionic strength was varied using 

Na2SO4, a non-chaotropic salt, before and after increasing the temperature to 37°C. For 

these experiments, two identical sets of BSA test structures were made using                 

5.5 mM RB(-) and a 0.50-μm optical axis step size between fabrication layers. For each 

change in ionic strength, RB(-)/BSA(-) test structures were incubated for 15 min in a 

Na2S04 (0.01, 0.10, or 1.00 M, as indicated) solution prepared in HEPES buffer (pH 7.4).   

For the data shown in Figure 2.8a, RB(-)/BSA(-) hydrogels were exposed an 

increased temperature (37°C), causing the hydrogel structures to expand. The temperature 

was then lowered back to 23°C, and incubated sequentially, in order of increasing 

concentration (0.01 → 0.10 → 1.00 M), in Na2SO4 solutions – with each increase in ionic 

strength resulting in the contraction of RB(-)/BSA(-) hydrogels greater extent, eventually 

culminating in a reduction of 16% relative to their size at 23°C (Figure 2.8a). When the 

Na2SO4 was removed by washing the sample with HEPES buffer, the test structures 

returned to their initial ‘thermally-expanded’ size. Therefore, the Na2SO4 treatment 

produced a reversible ionic strength-induced contraction that did not interfere with the 

existing thermal response. Increasing the temperature to 37°C for a second time, and then 
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returning the sample to 23°C after the Na2SO4 treatment did not cause an additional 

thermal response. The RB(-)/BSA(-) hydrogels were incubated in 1.00 M Na2SO4 for a 

second time, causing an ionic strength-induced contraction back to a mean A/A0 value of 

0.84 ± 0.02, and then heated to 37°C again in the presence of the salt, which had no effect 

(Figure 2.8a). 

In a complementary experiment, a set of RB(-)/BSA(-) hydrogel test structures were 

incubated for 15 min in 1.00 M Na2SO4, causing the hydrogels to contract, to have a 

mean A/A0 value of 0.83 ± 0.01 (Figure 2.8b). When the salt solution was replaced with 

HEPES buffer containing no Na2SO4, the chemical-induced contraction was reversible. 

Next, the temperature was increased to 37°C and subsequently returned to 23°C, which 

caused the RB(-)/BSA(-) test structures to undergo an irreversible thermal-induced 

expansion with a mean A/A0 value of 1.08 ± 0.01. Relative to the thermal-induced 

expansion at 37°C for BSA hydrogels fabricated with the same conditions (5.5 mM RB(-) 

and a 0.50-μm optical axis step size) in Figures 2.3-2.6, pre-treating RB(-)/BSA(-) test 

structures in Na2SO4 caused a reversible contraction, but did not affect the 

thermoresponsive properties of the protein material. In contrast to the possible 

combination of thermodynamic- and electrostatic-mediated rearrangement increased 

temperature may cause, this reversible volume response prompted by changes in ionic 

strength is most likely the result of changes in the hydration state of the matrix [2].  
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Figure 2.8: Combined response of RB(-)/BSA(-) hydrogels to thermal and chemical 
stimuli. (a) RB(-)/BSA(-) hydrogels were exposed to 37°C, returned to 23°C, 
then incubated in increasing concentrations of Na2SO4 (0.01, 0.10, and     
1.00 M). The Na2SO4 was removed and the temperature was raised to 37°C 
and returned to 23°C. The sample was then exposed to 1.00 M Na2SO4 and 
heated to 37°C again. (b) The RB(-)/BSA(-) hydrogel structures were pre-
treated with 1.00 M Na2SO4 for 15 min, washed in HEPES buffer containing 
no Na2SO4, and the temperature was then raised to 37°C and returned to 
23°C. The test structures were then exposed to 1.00 M Na2SO4 for a second 
time at 23°C. All BSA(-) test structures made with 5.5 mM RB(-) and a     
0.50-μm optical axis step size. Error bars represent one standard deviation 
(N = 4).  
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After the irreversible thermal-induced expansion, the RB(-)/BSA(-) sample was 

exposed to 1.00 M Na2SO4 a second time. Interestingly, the second ionic strength 

treatment caused the thermally expanded hydrogels to contract to the same degree 

observed from the first exposure, with a mean A/A0 value of 0.83 ± 0.02 (Figure 2.8b). 

However, a A/A0 ≈ 0.83 may be the most compacted form for hydrogel test structure 

fabricated with these conditions when exposed to 1.00 M Na2SO4. If a lower 

concentration of Na2SO4 were used, it may be possible to achieve varying degrees of 

ionic strength-induced contraction before and after and a thermal-induced expansion. 

2.3.5 Thermoresponsive Protein Hydrogels as Functional Biological Interfaces For 
Studying Bacterial Group Behaviors 

As discussed in Chapter 1, bacteria are social organisms that exhibit distinct 

phenotypes in groups, which frequently result in enhanced virulence [60-66]. Cell-to-cell 

communication occurs through the production, secretion, and recognition of chemical 

signaling molecules in a process called quorum sensing (QS), and is used to regulate gene 

expression in response to increases in population size [60-64, 66, 67]. Most of what is 

understood about these complex social interactions was derived from in vitro studies of 

large, homogeneous populations. Although studying large populations provides basic 

insight into these elaborate group behaviors, clusters having between 101 – 105 cells are 

commonly thought to be one of the standard means of transmission for many clinically 

relevant pathogens, such as Staphylococcus aureus and P. aeruginosa [68-72].  

While various strategies have emerged for confining small populations of cells in 

low volume (nL – pL) enclosures, the surrounding environments do not allow for normal 

cell growth – which is an important indication of physiologic relevance [73-75]. MPL has 

been established as a versatile technology for fabricating porous protein microstructures 

with defined 3D submicron features capable of trapping, incubating, and organizing 

bacterial populations [2, 35, 37, 39-41]. Moreover, the hydrogel-like responsive 

properties of photocrosslinked protein provide a means to induce mechanical actuation of 
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these materials in a highly controlled manner to capture and release small populations of 

bacteria [2]. However, the harsh chemical triggers (large shifts in pH or ionic strength) 

required to induce rapid expansion or contraction can negatively affect the metabolic 

state of many microorganisms. Consequently, understanding how to modify the material 

properties to respond to more biocompatible stimuli, such as temperatures within the 

normal physiological range ( ≤ 37°C), would significantly enhance the flexibility of 

protein-based MPL as a strategy to study small populations of bacteria.  

To assess the utility of these responsive protein hydrogels for studying small 

populations of bacteria without harming the cells, heart-shaped BSA(-) microchambers for 

this study were fabricated using 8.5 mM RB(-) and a 0.50-μm optical axis step size 

(Figure 2.9). P. aeruginosa cells were inoculated in a 2.5-mL aliquot of TSB using sterile 

technique. At 23°C, the aperture of the RB(-)/BSA(-) microtrap remained open, allowing 

the motile cells to enter and exit the hydrogel structure freely. The temperature was 

increased to 37°C – a temperature that is routinely used to culture bacteria – and the 

entrance aperture was closed off as a result of the thermal expansion of the 

photocrosslinked RB(-)/BSA(-). Once the microchamber was closed and the P. aeruginosa 

cells were confined, the sample was washed with fresh TSB to remove cells outside the 

microtrap. The sample well was incubated at 37°C, and the cells divided at a normal rate 

(46 ± 7 min) to fill the BSA(-) microtrap over a ~5-h period [35, 36].  
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Figure 2.9: Thermal-induced expansion of RB(-)/BSA(-) hydrogels in the presence of 
bacteria. At 23°C the aperture of the RB(-)/BSA(-) microtrap remained open 
(red circle, left panel), allowing the motile Pseudomonas aeruginosa cells to 
enter and exit the structure (left panel). By raising the temperature to 37°C, 
a temperature commonly used for in vitro culture of P. aeruginosa, the      
RB(-)/BSA(-) walls underwent an irreversible volume expansion, which 
caused the aperture to close (red circle, middle panel), preventing the cells 
from swimming out of the microtrap (middle panel). After 5 h of growth 
under static conditions in TSB, the original cells divided and filled the    
RB(-)/BSA(-) structure with an isolated colony of P. aeruginosa (right panel). 
The bacteria in the structure are false-colored green for visualization.     
Scale bar, 5 μm.  

As expected, the image series in Figure 2.9 confirms that the thermal stimulus 

(i.e., 23 → 37°C), and the subsequent volume response exhibited by the photocrosslinked 

RB(-)/BSA(-) hydrogels did not damage the cells, as P. aeruginosa displayed a normal 

growth rate. As shown in the preceding sections of this chapter, the response of            

RB(-)/BSA(-) hydrogels to temperature is highly tunable. Therefore, it is possible to design 

functional cell enclosures by tailoring the material properties for specific applications. 

Functional cell enclosures that offer dynamic control over bacterial populations and cell 

density could provide the tools to probe key questions about how and when bacteria sense 

QS signal molecules to coordinate pathogenic group behaviors in clinically relevant 

population sizes. The results presented in Figures 2.10 and 2.11 demonstrate the ability to 

create customized cellular microenvironments to alter cell density on demand. 
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Figure 2.10 shows a RB(-)/BSA(-) bacterial trap with two sub-chambers, and a total 

of two entry/exit apertures – one between the sub-chambers (internal aperture), and the 

other between the outer microcavity and the external environment (external aperture). 

This hydrogel structure was fabricated in two discrete steps with the same 5.5 mM RB(-) 

solution, each using a different optical axis step size: outer walls using 0.50-μm steps and 

the oval barriers using 0.30-μm steps. This protocol yielded different temperature 

sensitivities for the two apertures, with the outer passageway swelling closed at a lower 

temperature (Figure 2.10). 
 

 

 Figure 2.10: Use of a thermoresponsive RB(-)/BSA(-) hydrogel microstructure as a 
functional cell enclosure. The outer walls and inner ovals of the RB(-)/BSA(-) 

structure were fabricated using optical axis step sizes of 0.50 μm and       
0.30 μm, respectively. At 20°C, both apertures remained open for                
P. aeruginosa cells to swim into the structure and between the sub-chambers 
(left panel). Raising the temperature to 28°C caused the outer walls to 
expand to a greater extent than the ovals, resulting in the closure of the 
external aperture, trapping a cell (undergoing division), while the internal 
aperture remained open (middle panel). Once the cell divided at 28°C, the 
temperature was increased to 37°C, resulting in the closure of the internal 
aperture as the ovals expanded, isolating a single cell in one sub-chamber 
and two cells in the other (right panel). The bacteria in the structure are 
false-colored green for visualization. Scale bar, 10 μm.  

Figure 2.10 demonstrates the potential ability to change the cell density rapidly     

( ≤ 5 min) within each sub-chamber of a protein microtrap using sequential thermal-

induced volume expansions. At 20°C, both the external and internal apertures were open 
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for the P. aeruginosa cells to enter and exit the trap, and to swim between the two sub-

chambers. After a cell entered the temperature was increased to 28°C, causing the outer 

walls of the RB(-)/BSA(-) structure to expand and close the exterior aperture. This 

expansion confined the cell in the microtrap while leaving the internal aperture open, 

which allowed the cell to swim between the two sub-chambers. The cell then underwent 

division at 28°C, and the temperature was increased 37°C to close the internal aperture by 

expanding the two ovals. The second temperature increase produced two separate 

chambers, isolating the cells from each other. This proof-of-concept study shows not only 

that microscale protein geometries can be designed to isolate two clonal populations, but 

also that the responsive properties can be tuned with the fabrication parameters to use a 

biocompatible stimulus (temperatures ≤ 37°C) to modify the cellular microenvironment 

in a dynamic manner.  

A related method for changing cell density rapidly within an isolated 

microenvironment is demonstrated in Figure 2.11. In this example, a hybrid structure was 

created with separate RB(-)/BSA(-) and MB(+)/Av(+) hydrogel components, to trap and then 

release motile bacteria. Since incubating RB(-)/BSA(-) hydrogels in MB(+) attenuates the 

thermal response (Figure 2.4), the MB(+)/Av(+) portion of the hybrid structure was 

fabricated first. The MB(+)/Av(+) fabrication solution was then removed by extensive 

rinsing using HEPES buffer prior to creating the RB(-)/BSA(-) roof and walls. For this 

hydrogel microtrap, the ovals were made using avidin with 2.5 mM MB(+) in the first 

fabrication step, and the roof and L-shaped walls were made in the second fabrication 

step using 5.5 mM RB(-) and BSA(-). Both fabrication steps used a 0.50-µm optical axis 

step size between layers.  
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Figure 2.11: Use of a thermoresponsive hybrid RB(-)/BSA(-) + MB(+)/Av(+) hydrogel 
microstructure as a functional cell enclosure to trap and release motile 
bacteria. The roof and L-shaped walls were fabricated using RB(-)/BSA(-). 
The ovals were fabricated using MB(+)/Av(+). At 20°C, the MB(+)/Av(+) 
aperture was closed and the RB(-)/BSA(-) aperture was open, which allowed a 
motile P. aeruginosa bacterium to enter and exit the microtrap only through 
the RB(-)/BSA(-) aperture (left panel). Raising the temperature to 28°C 
resulted in a thermal-induced expansion of the RB(-)/BSA(-) portions of the 
structure, closing the bottom aperture to trap the bacterium (middle panel). 
The confined cell underwent division at 28°C, and then the temperature was 
raised to 37°C, which caused the MB(+)/Av(+) ovals to contract and open the 
Av(+) aperture and allowed one of the cells to exit the microchamber (right 
panel). The bacteria in the structure are false-colored green for visualization. 
Scale bar, 10 μm.  

At 20°C, the RB(-)/BSA(-) was open while the MB(+)/Av(+) aperture remained 

closed, allowing a P. aeruginosa cell to enter the microtrap via the RB(-)/BSA(-) aperture 

(Figure 2.11, left panel, “20°C”). Increasing the temperature to 28°C caused the             

RB(-)/BSA(-) portions of the microstructure to expand and close the RB(-)/BSA(-) aperture, 

trapping the single P. aeruginosa cell. The bacterium divided, as evidenced by the 

formation of a septum (Figure 2.11, middle panel, “28°C”), which effectively doubled the 

cell density within the microchamber. The temperature was then raised to 37°C, causing 

the MB(+)/Av(+) ovals to contract and open the MB(+)/Av(+) aperture. Once the MB(+)/Av(+) 

aperture opened, one of the trapped cells was released from the structure into the 

surrounding medium (Figure 2.11, right panel, “37°C”). In this proof-of-concept study, 

the cell density and population were reduced rapidly within the microtrap. The ability to 
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both modify cell density and number on demand by controlling the cellular 

microenvironment would facilitate a number of interesting experiments that could 

directly address fundamental questions about QS.  

2.4 CONCLUSION 

This chapter discussed the characterization of multiphoton-fabricated protein 

hydrogels as thermoresponsive materials with tunable properties. Av(+) hydrogels made 

using MB(+) were shown to undergo a volume contraction with exposure to increased 

temperatures. Moreover, this contraction could be tuned through binding biotin and the 

addition of different amounts of BSA(-) to the fabrication solution. RB(-)/BSA(-) hydrogels 

were shown to undergo a volume expansion in response to increased temperatures. The 

thermal response of RB(-)/BSA(-) hydrogels was shown to be tunable by adjusting the 

photosensitizer concentration and the optical axis step size between fabrication layers, 

two of various experimental parameters that affect the crosslinking density. Although 

MB(+)/BSA(-) hydrogels did not exhibit a thermal volume response, incubating              

RB(-)/BSA(-) matrices in MB(+) provided an additional means to modulate the 

thermoresponsive properties.  

Although the mechanism of the irreversible volume expansion and contraction 

exhibited by RB(-)/BSA(-) and MB(+)/Av(+) hydrogels in response to temperature remains 

unclear, it is conceivable that fabrication process could lock the protein matrix in a 

metastable conformation. Increasing the temperature may enable the protein to rearrange 

to attain a more favorable thermodynamically state. It is possible that previously isolated 

charged regions are exposed during these conformational changes, which could cause 

further reorganization to stabilize electrostatic repulsion or attraction forces. 

Additionally, since this reorganization may result in a more stable thermodynamic 

conformation, it is likely that protein would not return to its original arrangement upon 

lowering the temperature. Because hydrogels created using oppositely charged         
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protein-photosensitizer combinations are unresponsive to heat, and protein-

photosensitizer combinations resulting in a charged hydrogel exhibit a thermal-induced 

volume response, it is plausible that electrostatic interactions may mediate the thermal 

response. The influence of chemical stimuli (pH and ionic strength) in conjunction with 

elevated temperatures was also examined for RB(-)/BSA(-) hydrogels.   

The thermal-induced expansion of BSA(-) hydrogels was exploited in vitro to 

confine motile P. aeruginosa cells in protein microstructures, demonstrating the ability to 

use the biocompatible stimulus of temperature in the presence of cells without negative 

consequences, as was demonstrated by a normal growth rate. Finally, the tunable, 

thermoresponsive properties of these photocrosslinked protein hydrogel materials were 

applied to designs of customized microenvironments that dynamically modify cell 

density and population size on demand – offering an experimental method to potentially 

address fundamental questions about how and when bacterial communities use QS to 

initiate pathogenic behavior as a group.  



 62 

2.5 REFERENCES 

 
1. Dong, L., Agarwal, A.K., Beebe, D.J., and Jiang, H.R., Adaptive liquid 

microlenses activated by stimuli-responsive hydrogels. Nature, 2006. 442(7102): 
p. 551-554. 

2. Kaehr, B. and Shear, J.B., Multiphoton fabrication of chemically responsive 
protein hydrogels for microactuation. Proceedings of the National Academy of 
Sciences of the United States of America, 2008. 105(26): p. 8850-8854. 

3. Ritschdorff, E.T., Nielson, R., and Shear, J.B., Multi-focal multiphoton 
lithography. Lab on a Chip, 2012. 12(5): p. 867-871. 

4. Zarzar, L.D., Kim, P., and Aizenberg, J., Bio-inspired design of submerged 
hydrogel-actuated polymer microstructures operating in response to pH. 
Advanced Materials, 2011. 23(12): p. 1442-1446. 

5. Zarzar, L.D., Kim, P., Kolle, M., Brinker, C.J., Aizenberg, J., and Kaehr, B., 
Direct writing and actuation of three-dimensionally patterned hydrogel pads on 
micropillar supports. Angewandte Chemie-International Edition, 2011. 50(40):    
p. 9356-9360. 

6. Zhao, B. and Moore, J.S., Fast pH- and ionic strength-responsive hydrogels in 
microchannels. Langmuir, 2001. 17(16): p. 4758-4763. 

7. Liu, Z.S. and Calvert, P., Multilayer hydrogels as muscle-like actuators. 
Advanced Materials, 2000. 12(4): p. 288-291. 

8. Beebe, D.J., Moore, J.S., Bauer, J.M., Yu, Q., Liu, R.H., Devadoss, C., and Jo, 
B.H., Functional hydrogel structures for autonomous flow control inside 
microfluidic channels. Nature, 2000. 404(6778): p. 588-590. 

9. Watanabe, T., Akiyama, M., Totani, K., Kuebler, S.M., Stellacci, F., Wenseleers, 
W., Braun, K., Marder, S.R., and Perry, J.W., Photoresponsive hydrogel 
microstructure fabricated by two-photon initiated polymerization. Advanced 
Functional Materials, 2002. 12(9): p. 611-614. 

10. Tatsuma, T., Takada, K., and Miyazaki, T., UV-light-induced swelling and 
visible-light-induced shrinking of a TiO2-containing redox gel. Advanced 
Materials, 2007. 19(9): p. 1249-2151. 

11. Sugiura, S., Szilagyi, A., Sumaru, K., Hattori, K., Takagi, T., Filipcsei, G., Zrinyi, 
M., and Kanamori, T., On-demand microfluidic control by micropatterned light 
irradiation of a photoresponsive hydrogel sheet. Lab on a Chip, 2009. 9(2):         
p. 196-198. 

12. Sugiura, S., Sumaru, K., Ohi, K., Hiroki, K., Takagi, T., and Kanamori, T., 
Photoresponsive polymer gel microvalves controlled by local light irradiation. 
Sensors and Actuators A -Physical, 2007. 140(2): p. 176-184. 



 63 

13. Zhao, Y.L. and Stoddart, J.F., Azobenzene-based light-responsive hydrogel 
system. Langmuir, 2009. 25(15): p. 8442-8446. 

14. Kiyonaka, S., Sugiyasu, K., Shinkai, S., and Hamachi, I., First thermally 
responsive supramolecular polymer based on glycosylated amino acid. Journal of 
the American Chemical Society, 2002. 124(37): p. 10954-10955. 

15. Schild, H.G., Poly (N-Isopropylacrylamide) - experiment, theory and application. 
Progress in Polymer Science, 1992. 17(2): p. 163-249. 

16. Jhaveri, S.J., Hynd, M.R., Dowell-Mesfin, N., Turner, J.N., Shain, W., and Ober, 
C.K., Release of nerve growth factor from HEMA hydrogel-coated substrates and 
its effect on the differentiation of neural cells. Biomacromolecules, 2009. 10(1):   
p. 174-183. 

17. Qiu, Y. and Park, K., Environment-sensitive hydrogels for drug delivery. 
Advanced Drug Delivery Reviews, 2001. 53(3): p. 321-339. 

18. Hoffman, A.S., The origins and evolution of "controlled" drug delivery systems. 
Journal of Controlled Release, 2008. 132(3): p. 153-163. 

19. Hoffman, A.S., Hydrogels for biomedical applications. Advanced Drug Delivery 
Reviews, 2002. 54(1): p. 3-12. 

20. Anker, J.N., Hall, W.P., Lyandres, O., Shah, N.C., Zhao, J., and Van Duyne, R.P., 
Biosensing with plasmonic nanosensors. Nature Materials, 2008. 7(6): p. 442-453. 

21. Tokarev, I. and Minko, S., Multiresponsive, hierarchically structured membranes: 
new, challenging, biomimetic materials for biosensors, controlled release, 
biochemical gates, and nanoreactors. Advanced Materials, 2009. 21(2):               
p. 241-247. 

22. Cushing, M.C. and Anseth, K.S., Hydrogel cell cultures. Science, 2007. 
316(5828): p. 1133-1134. 

23. Jeong, B. and Gutowska, A., Lessons from nature: stimuli-responsive polymers 
and their biomedical applications. Trends in Biotechnology, 2002. 20(7):             
p. 305-311. 

24. Ulijn, R.V., Bibi, N., Jayawarna, V., Thornton, P.D., Todd, S.J., Mart, R.J., 
Smith, A.M., and Gough, J.E., Bioresponsive hydrogels. Materials Today, 2007. 
10(4): p. 40-48. 

25. Stuart, M.A.C., Huck, W.T.S., Genzer, J., Muller, M., Ober, C., Stamm, M., 
Sukhorukov, G.B., Szleifer, I., Tsukruk, V.V., Urban, M., Winnik, F., Zauscher, 
S., Luzinov, I., and Minko, S., Emerging applications of stimuli-responsive 
polymer materials. Nature Materials, 2010. 9(2): p. 101-113. 

26. Zhang, S.G., Hydrogels: wet or let die. Nature Materials, 2004. 3: p. 7-8. 
27. Alexander, C. and Shakesheff, K.M., Responsive polymers at the 

biology/materials science interface. Advanced Materials, 2006. 18(24):                
p. 3321-3328. 



 64 

28. Kloxin, A.M., Kasko, A.M., Salinas, C.N., and Anseth, K.S., Photodegradable 
hydrogels for dynamic tuning of physical and chemical properties. Science, 2009. 
324(5923): p. 59-63. 

29. Tomatsu, I., Peng, K., and Kros, A., Photoresponsive hydrogels for biomedical 
applications. Advanced Drug Delivery Reviews, 2011. 63(14-15): p. 1257-1266. 

30. Gil, E.S. and Hudson, S.M., Stimuli-reponsive polymers and their bioconjugates. 
Progress in Polymer Science, 2004. 29(12): p. 1173-1222. 

31. Huang, X. and Lowe, T.L., Biodegradable thermoresponsive hydrogels for 
aqueous encapsulation and controlled release of hydrophilic model drugs. 
Biomacromolecules, 2005. 6(4): p. 2131-2139. 

32. Dong, L., Agarwal, A.K., Beebe, D.J., and Jiang, H.R., Variable-focus liquid 
microlenses and microlens arrays actuated by thermoresponsive hydrogels. 
Advanced Materials, 2007. 19(3): p. 401-405. 

33. Seidlits, S.K., Schmidt, C.E., and Shear, J.B., High-resolution patterning of 
hydrogels in three dimensions using direct-write photofabrication for cell 
guidance. Advanced Functional Materials, 2009. 19: p. 3543-3551. 

34. Thornton, P.D., Mart, R.J., and Ulijn, R.V., Enzyme-responsive polymer hydrogel 
particles for controlled release. Advanced Materials, 2007. 19: p. 1252-1256. 

35. Connell, J.L., Wessel, A.K., Parsek, M.R., Ellington, A.D., Whiteley, M., and 
Shear, J.B., Probing prokaryotic social behaviors with bacterial "lobster traps". 
Mbio, 2010. 1(4): p. e00202-e00212. 

36. Connell, J.L., Whiteley, M., and Shear, J.B., Sociomicrobiology in engineered 
landscapes. Nature Chemical Biology, 2012. 8(1): p. 10-13. 

37. Kaehr, B. and Shear, J.B., High-throughput design of microfluidics based on 
directed bacterial motility. Lab on a Chip, 2009. 9(18): p. 2632-2637. 

38. Davies, D.G., Parsek, M.R., Pearson, J.P., Iglewski, B.H., Costerton, J.W., and 
Greenberg, E.P., The involvement of cell-to-cell signals in the development of a 
bacterial biofilm. Science, 1998. 280(5361): p. 295-298. 

39. Kaehr, B. and Shear, J.B., Mask-directed multiphoton lithography. Journal of the 
American Chemical Society, 2007. 129(7): p. 1904-1905. 

40. Nielson, R., Kaehr, B., and Shear, J.B., Microreplication and design of biological 
architectures using dynamic-mask multiphoton lithography. Small, 2009. 5(1):      
p. 120-125. 

41. Ritschdorff, E.T. and Shear, J.B., Multiphoton lithography using a high-repetition 
rate microchip laser. Analytical Chemistry, 2010. 82(20): p. 8733-8737. 

42. Allen, R., Nielson, R., Wise, D.D., and Shear, J.B., Catalytic three-dimensional 
protein architectures. Analytical Chemistry, 2005. 77(16): p. 5089-5095. 

43. Khripin, C.Y., Brinker, C.J., and Kaehr, B., Mechanically tunable multiphoton 
fabricated protein hydrogels investigated using atomic force microscopy. Soft 
Matter, 2010. 6(12): p. 2842-2848. 



 65 

44. Kaehr, B., Allen, R., Javier, D.J., Currie, J., and Shear, J.B., Guiding neuronal 
development with in situ microfabrication. Proceedings of the National Academy 
of Sciences of the United States of America, 2004. 101(46): p. 16104-16108. 

45. Seidlits, S.K., Drinnan, C.T., Petersen, R.R., Shear, J.B., Suggs, L.J., and 
Schmidt, C.E., Fibronectin-hyaluronic acid composite hydrogels for three-
dimensional endothelial cell culture. Acta Biomaterialia, 2011. 7(6):                     
p. 2401-2409. 

46. Seidlits, S.K., Khaing, Z.Z., Petersen, R.R., Nickels, J.D., Vanscoy, J.E., Shear, 
J.B., and Schmidt, C.E., The effects of hyaluronic acid hydrogels with tunable 
mechanical properties on neural progenitor cell differentiation. Biomaterials, 
2010. 31(14): p. 3930-3940. 

47. Hill, R.T., Lyon, J.L., Allen, R., Stevenson, K.J., and Shear, J.B., 
Microfabrication of three-dimensional bioelectronic architectures. Journal of the 
American Chemical Society, 2005. 127(30): p. 10707-10711. 

48. Hill, R.T. and Shear, J.B., Enzyme-nanoparticle functionalization of three-
dimensional protein scaffolds. Analytical Chemistry, 2006. 78(19): p. 7022-7026. 

49. Kaehr, B., Ertas, N., Nielson, R., Allen, R., Hill, R.T., Plenert, M., and Shear, 
J.B., Direct-write fabrication of functional protein matrixes using a low-cost       
Q-switched laser. Analytical Chemistry, 2006. 78(9): p. 3198-3202. 

50. Gonzalez, M., Argarana, C.E., and Fidelio, G.D., Extremely high thermal stability 
of streptavidin and avidin upon biotin binding. Biomolecular Engineering, 1999. 
16(1-4): p. 67-72. 

51. Green, N.M., Avidin. Advances in Protein Chemistry, ed. C.B. Anfinsen. Vol. 29. 
1975, New York, NY: Academic Press, Inc. 

52. Thornton, P.D., Mart, R.J., Webb, S.J., and Ulijn, R.V., Enzyme-responsive 
hydrogel particles for the controlled release of proteins: designing peptide 
actuators to match payload. Soft Matter, 2008. 4(4): p. 821-827. 

53. Valdes-Aguilera, O.M. and Neckers, D.C., Photochemistry of the xanthene dyes, 
in Advances in Photochemistry, D.H. Volman, G.S. Hammond, and D.C. Neckers, 
Editors. 1993, John Wiley & Sons, Inc.: Hokoken, NJ, USA. 

54. Disanto, A.R. and Wagner, J.G., Pharmacokinetics of highly ionized drugs .2. 
methylene-blue - absorption, metabolism, and excretion in man and dog after oral 
administration. Journal of Pharmaceutical Sciences, 1972. 61(7):                          
p. 1086-1090. 

55. Malamud, D. and Drysdale, J.W., Isoelectric points of proteins: a table. 
Analytical Biochemistry, 1978. 86: p. 620-647. 

56. Carter, D.C. and Ho, J.X., Structure of serum-albumin, in Advances in Protein 
Chemistry, Vol 45. 1994. p. 153-203. 

57. Bischof, J.C. and He, X., Thermal stability of proteins. Annals of the New York 
Academy of Sciences, 2006. 1066: p. 12-33. 



 66 

58. Takeda, K., Wada, A., Yamamoto, K., Moriyama, Y., and Aoki, K., 
Conformational change of bovine serum-albumin by heat-treatment. Journal of 
Protein Chemistry, 1989. 8(5): p. 653-659. 

59. Chen, R.F., Removal of fatty acids from serum albumin by charcoal treatment. 
Journal of Biological Chemistry, 1967. 242(2): p. 173-181. 

60. Balaban, N.Q., Merrin, J., Chait, R., Kowalik, L., and Leibler, S., Bacterial 
persistence as a phenotypic switch. Science, 2004. 305(5690): p. 1622-1625. 

61. Bassler, B.L., Small talk: cell-to-cell communication in bacteria. Cell, 2002. 
109(4): p. 421-424. 

62. Bassler, B.L. and Losick, R., Bacterially speaking. Cell, 2006. 125(2): p. 237-246. 
63. Henke, J.M. and Bassler, B.L., Bacterial social engagements. Trends in Cell 

Biology, 2004. 14(11): p. 648-656. 
64. Horswill, A.R., Stoodley, P., Stewart, P.S., and Parsek, M.R., The effect of the 

chemical, biological, and physical environment on quorum sensing in structured 
microbial communities. Analytical and Bioanalytical Chemistry, 2007. 387(2):      
p. 371-380. 

65. Mashburn, L.M. and Whiteley, M., Membrane vesicles traffic signals and 
facilitate group activities in a prokaryote. Nature, 2005. 437(7057): p. 422-425. 

66. Parsek, M.R. and Greenberg, E.P., Sociomicrobiology: the connections between 
quorum sensing and biofilms. Trends in Microbiology, 2005. 13(1): p. 27-33. 

67. Williams, P., Quorum sensing, communication and cross-kingdom signalling in 
the bacterial world. Microbiology, 2007. 153: p. 3923-3938. 

68. Yarwood, J.M., Bartels, D.J., Volper, E.M., and Greenberg, E.P., Quorum sensing 
in Staphylococcus aureus biofilms. Journal of Bacteriology, 2004. 186(6):           
p. 1838-1850. 

69. De Kievit, T.R., Gillis, R., Marx, S., Brown, C., and Iglewski, B.H., Quorum-
sensing genes in Pseudomonas aeruginosa biofilms: their role and expression 
patterns. Applied and Environmental Microbiology, 2001. 67(4): p. 1865-1873. 

70. Velicer, G.J. and Vos, M., Sociobiology of the Myxobacteria. Annual Review of 
Microbiology, 2009. 63: p. 599-623. 

71. Stewart, P.S. and Robertson, C.R., Microbial-growth in a fixed volume - studies 
with entrapped Escherichia coli. Applied Microbiology and Biotechnology, 1989. 
30(1): p. 34-40. 

72. Stoodley, P., Wilson, S., Hall-Stoodley, L., Boyle, J.D., Lappin-Scott, H.M., and 
Costerton, J.W., Growth and detachment of cell clusters from mature mixed-
species biofilms. Applied and Environmental Microbiology, 2001. 67(12):            
p. 5608-5613. 

73. Carnes, E.C., Lopez, D.M., Donegan, N.P., Cheung, A., Gresham, H., Timmins, 
G.S., and Brinker, C.J., Confinement-induced quorum sensing of individual 
Staphylococcus aureus bacteria. Nature Chemical Biology, 2010. 6(1): p. 41-45. 



 67 

74. Boedicker, J.Q., Vincent, M.E., and Ismagilov, R.F., Microfluidic confinement of 
single cells of bacteria in small volumes initiates high-density behavior of quorum 
sensing and growth and reveals its variability. Angewandte Chemie-International 
Edition, 2009. 48(32): p. 5908-5911. 

75. Baca, H.K., Ashley, C., Carnes, E., Lopez, D., Flemming, J., Dunphy, D., Singh, 
S., Chen, Z., Liu, N.G., Fan, H.Y., Lopez, G.P., Brozik, S.M., Werner-
Washburne, M., and Brinker, C.J., Cell-directed assembly of lipid-silica 
nanostructures providing extended cell viability. Science, 2006. 313(5785):          
p. 337-341. 

 
 



 68 

Chapter 3: Light-Induced Responsive Properties of  
Multiphoton-Fabricated Protein Hydrogels  

3.1 INTRODUCTION 

Materials that undergo defined physical changes in response to external stimuli, 

such as temperature [1-3], ionic strength [3, 4], pH [5-7], and light [2, 8-10], have 

become useful in many applications, including microfluidics [11], drug delivery [12-15], 

and cell culture [16-21]. Hydrogels are a class of biocompatible “smart” materials with 

tunable responsive properties composed of crosslinked polymer chains that form 

extended three-dimensional (3D) networks containing a large fraction of water by 

volume. Environmental stimuli trigger these polymer materials to expand and contract by 

altering the degree of hydration within the hydrogel matrix. Polymeric hydrogels have 

many attributes that make them promising materials for creating functional interfaces 

with biological systems, such as the capacity to integrate biomolecules into the gel and 

flexible chemistries that respond to range of biocompatible stimuli, including pH, ionic 

strength, temperature, and light [3, 12, 18, 22, 23].  

In Chapter 2, I demonstrated the ability to use temperature as a stimulus to induce 

volume expansion and contraction of photocrosslinked protein hydrogels in the presence 

of bacteria. Temperature-sensitive hydrogels are among the most commonly used 

responsive polymers for biological applications because many biological processes are 

thermo-regulated. Moreover, temperature changes generally are not harmful to cells at or 

below 37°C, and are easy to control remotely during an experiment [2].                  

Poly(N-isopropylacrylamide) (PNIPAm), which undergoes an abrupt transition between 

expanded (hydrophilic) and contracted (hydrophobic) hydration states at 32°C, has 

become one of the most broadly used thermoresponsive hydrogels for biological 

applications ranging from drug delivery devices to tissue engineering [1, 18, 24, 25].  

Similar to temperature modulation, light is a stimulus that can be applied 

remotely. Recently, ultraviolet (UV) and visible light have been demonstrated to be 
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useful stimuli for actuating hydrogel materials that are interfaced with biological systems 

[26]. Furthermore, light often provides a higher degree of spatial and temporal control 

relative to many other stimuli [20, 26]. Localized actuation can be achieved either by 

focusing the light source, or by patterning the photosensitive moieties in specific regions 

of a gel. Photoresponsive hydrogel materials are normally prepared by chemically 

modifying a polymer with a light-sensitive molecule [2, 8, 27, 28]. By embedding species 

that undergo efficient photothermal conversion into the polymer material, light can 

prompt thermal-induced volume changes [10, 29-31]. For example, Shiotani et al. 

demonstrated localized contraction and dye release from a PNIPAm hydrogel by 

incorporating poly(ethylene glycol) (PEG)-modified gold nanorods into the gel and 

irradiating the material using a near-infrared (IR) laser at 1064 nm [29].  

PNIPAm and cyclodextrin hydrogel derivatives have been engineered with 

photoreactive groups that induce a volume transition through a number of non-thermal 

light-induced processes, such as cis-trans isomerization, photodimerization, ionic 

dissociation, and photocleavage [8-10, 27, 28, 31]. Some common examples of 

photoreactive groups used to functionalize hydrogel-based materials are azobenzenes, 

spiropyrans, spirooxaines, fulgides, and cinniminic acid derivatives [8, 27, 28, 32, 33]. 

Kloxin et al. recently reported a photodegradable PEG-based hydrogel modified with a 

photocleavable nitrobenzyl ether-derived group [20]. Here, the authors encapsulated 

fibrosarcoma cells in the hydrogel, and then selectively degraded portions of the gel by 

lithographically patterning channels and arbitrary 3D features to direct cell migration      

in situ using single- (405 nm) and two-photon (740 nm) irradiation within a laser-

scanning microscope [20]. 

Although most work and characterization of hydrogel polymers has focused on 

characterizing the responsive properties of bulk materials, for purposes such as 

microfluidic valves [10, 34] and particles for drug delivery and release [8, 12, 15, 35], 

many hydrogel materials have the potential to provide dynamic interfaces to influence 
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cellular behavior at the microscale level [20]. Microfabrication strategies capable of 

patterning responsive hydrogels that have submicron resolution could broaden the 

applications of these materials to many biological interfaces, including cell culture. 

Various techniques have emerged that have the ability to produce responsive hydrogels 

with microscale feature sizes, including chemical etching in a Bosch process, electron-

beam patterning, two-dimensional hard and soft lithographic methods, and multiphoton 

lithography (MPL) [7, 36-41]. For example, Watanabe et al. demonstrated a 

photoresponsive acrylic-based hydrogel cantilever prepared using MPL, but it required a 

20-min exposure to UV light to induce actuation – a stimulus that can possibly harm    

cells [40].  

The protein-based MPL approach used in the Shear Group is a versatile platform 

to create biocompatible materials with submicron resolution in three dimensions that 

respond to environmental triggers, including pH, ionic strength, and temperature in a 

precise manner [7, 41, 42]. This chapter describes the characterization of multiphoton-

fabricated proteins as photoresponsive hydrogel materials. The light-induced volume 

responses of these materials are shown to be tunable by modulating parameters that 

influence the crosslinking density and the illumination period. The irreversible volume 

transitions prompted by exposure to visible light appear to be mediated by electrostatic 

interactions between the protein and residual photosensitizer, possibly bound to or 

covalently attached to the hydrogel matrix. The impact of charge on the photoresponsive 

behavior of multiphoton-fabricated materials is probed using various combinations of 

charged photosensitizers (Rose Bengal [RB(-)] and methylene blue [MB(+)]) and proteins 

(avidin [Av(+)], bovine serum albumin [BSA(-)], lysozyme [Lyso(+)], and myoglobin 

[Myo(ϕ)])∗.  

                                                
∗ The symbols (+), (-), and (ϕ), are used to denote the net charge of a molecule at pH 7.4 as positive, 
negative, or ~neutral, respectively.  
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The capacity to use charge as a means to modulate the light-induced response of a 

protein hydrogel post-fabrication is illustrated by introducing additional charged species 

to the solution bathing the microstructures during irradiation. The ability to tailor the 

response of these materials for specific cellular applications is demonstrated in vitro by 

capturing and releasing small populations of Pseudomonas aeruginosa.  

3.2 EXPERIMENTAL METHODS 

3.2.1 Reagents 

Rose Bengal (33000), methylene blue (M-4159), crocin (17304), curcumin 

(C1386), L-ascorbic acid (A7506), spermine (S5413), poly-L-lysine solution             

(0.1% w/vol; molecular weight 150,000 – 300,000; [P8920]), lysozyme (L6876), and 

myoglobin (M0630) were purchased from Sigma-Aldrich (St. Louis, MO). Bovine serum 

albumin (BAH64-0100) was obtained from Equitech-Bio (Kerrville, TX). HEPES 

sodium salt (AC21500-1000), eosin Y (201930250), and fluorescein (11924100) were 

acquired from Acros Organics (Geel, Belgium). Avidin (A-887) was purchased from 

Invitrogen (Carlsbad, CA). Sodium azide (SX0300-3) and sodium phosphate in the 

mono-, di-, and tribasic forms (SX0710-1, SX0751-1, and SX0725-1, respectively) were 

obtained from EM Sciences (Gibbstown, NJ). Sodium chloride (S271-3) and sodium 

sulfate (S421-500) were purchased from Fisher Scientific (Fairlawn, NJ). Poly-L-aspartic 

acid sodium salt (molecular weight 5,000 – 15,000; [151909]) was purchased from MP 

Biomedicals (Solon, OH). Poly-D-lysine (A-003-E) was acquired from EMD Millipore 

(Billerica, MA). Tryptic soy broth (1010717), carbenicillin disodium salt (BP2468-1), 

obtained from MP Biomedicals (Solon, OH) and Fisher BioReagents (Fairlawn, NJ), 

respectively, were used in cellular experiments. All reagents were stored according to the 

supplier’s specifications and used as received without further purification. 
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3.2.2 Protein Hydrogel Fabrication 

Photocrosslinked hydrogel test structures and bacterial microchambers were 

fabricated on No. 1 coverglass in a reusable ~2.5-mL aluminum well coated with an 

epoxy resin using the dynamic mask-directed MPL technique described in Chapters 1 and 

2, and in more detail elsewhere [41, 43-45]. Briefly, the output of a mode-locked 

titanium-sapphire (Ti:S) laser (Tsunami; Spectra Physics) tuned to 740 nm was aligned 

into a dual-axis galvo scanner (Thor Labs), which raster-scanned the beam over a digital 

micromirror device (DMD) from a dismantled business projector (MS510, BenQ) 

functioning as an electronic reflectance mask. The Ti:S beam was then expanded and 

collimated to overfill the back aperture of an oil immersion objective (Zeiss 100X Fluar, 

1.3 NA) placed on an inverted microscope (Zeiss Axiovert). All rectangular test 

structures were fabricated to be 20.00 x 15.00 x 8.00 μm (length x width x nominal 

height). Unless otherwise noted, hydrogel test structures were fabricated from a solution 

prepared in a 20 mM HEPES (pH 7.4, 0.1 M NaCl) buffer containing either 8.5 mM RB(-) 

or 5.0 mM MB(+), and 400 mg mL-1 Av(+), BSA(-), or Lyso(+), or 40 mg mL-1 Myo(ϕ). With 

the exception of studies specifically examining particular fabrication conditions, hydrogel 

test structures were made using: an average laser power of 33 mW (measured at the back 

aperture of the objective), an optical (z) axis step size of 0.50 μm, and a slow (y) axis 

scan velocity of 21 μm s-1. All bacterial microstructures were fabricated to have a 

chamber with a nominal height of 8.00 μm and a roof with a nominal thickness                

of 1.50 μm. 

3.2.3 Visible-Light Illumination Conditions for Hydrogel Characterization 

Following fabrication, each sample was washed out five times (~2 mL per wash), 

incubated for 5 min, and washed out five more times using the same HEPES buffer that 

was used to prepare the fabrication solutions. For experiments analyzing the effects of 

perturbations to the electrostatic environment, charged dyes, proteins, or polyamino acids 
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were washed into the sample well after the initial wash and subsequent incubation in 

HEPES buffer. Samples subjected to charge perturbations were either incubated in the 

charged species for 15 min and then illuminated, or incubated in the charged species, 

washed in HEPES buffer again, and then illuminated. The protein test structures were 

irradiated in the same well used for fabrication in 2 mL of buffer using the transmitted-

light illumination system on the microscope. 

 During irradiation, the field and condenser irises were fully opened, all of the 

filters and the differential interference contrast (DIC) polarizer were removed from the 

illumination pathway, and the 100-watt (W) tungsten-halogen lamp was set to the highest 

voltage (12 volts). Unless it is stated otherwise, samples were illuminated in this manner 

for a 15-min period. According to the manufacturer, the standard 12-volt, 100-W 

tungsten-halogen bulb is rated to have a radiant flux of 4000 mW and an extremely stable 

spatial and temporal output over an average lifespan of 2000 h. The same bulb, which 

had ~1000 h of use prior to these studies, was used for all of the experiments presented in 

this dissertation. Control experiments where the solution temperature was monitored near 

the surface of the glass using a thermocouple (Omega Engineering, Stamford, CT) 

showed that the solution temperature remained ≤ 25°C during irradiation. Filters used for 

spectrally isolated irradiations (Figures 3.6 and 3.11) were placed in the illumination 

pathway between the tungsten-halogen lamp housing and the sample.  

3.2.4 Imaging and Data Analysis 

An ORCA-Flash2.8 scientific-grade complementary metal oxide semiconductor 

(CMOS) camera (Hamamatsu) and HCImage Live software (Hamamatsu) and a 40X air 

objective (Olympus, Plan Apo, 0.95 NA) were used to image all samples after 

fabrication, at the end of each wash step, and immediately before and after every 

illumination. The areas (A) were measured at the top of each rectangular test structure 

(~8 μm above the glass) using brightfield images. The swelling ratio, A/A0, was 
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calculated by dividing the area of a test structure measured after irradiation (A) by the 

area measured before irradiation (A0). The A/A0 values represent the mean of at least four 

test structures fabricated within the same sample, and the error is given as one standard 

deviation. 

3.2.5 Bacterial Strains, Plasmids, and Culture Conditions 

P. aeruginosa PA01 constitutively expressing gfp from the plasmid pMRP9-1 was 

used in all cellular experiments [46]. Planktonic cultures were grown aerobically 

overnight in tryptic soy broth (TSB) containing 300 μg mL-1 (for plasmid selection) at 

37°C. Cells were diluted from overnight cultures, grown at 37°C to mid-logarithmic 

phase, allowed to reach room temperature, and a ~2-mL aliquot was introduced to the 

well containing the protein microchambers with a pipette under sterile conditions. For all 

cellular experiments, the P. aeruginosa were given ~5 min to swim into the protein 

microchambers before the sample was illuminated to expand the structure and close the 

entrance aperture. After the cells were trapped in the microchambers, the sample well 

was washed with fresh TSB to remove any bacteria not contained within the structures.  

For the experiment shown in Figure 3.10, the sample was incubated at 37°C after 

illumination, and only removed for imaging and to record the growth of the confined 

population over an 8-h period. In the studies using the multi-component protein structures 

shown in Figure 3.12, the P. aeruginosa cells trapped in the ~0.3-pL microcavities were 

incubated at room temperature for ~1 h prior to being “released” into the                     

~4.3-pL chamber. 

3.3 RESULTS AND DISCUSSION 

Photocrosslinked protein hydrogels have many material characteristics that make 

them well suited for applications in biological environments, including tunable 

responsive and mechanical properties, chemical functionality, and low toxicity [7, 41-45, 

47-54]. Kaehr and Shear showed that multiphoton-fabricated protein matrices undergo a 
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hydrogel-like volume transition in response to chemical stimuli (pH, ionic strength) [7]. 

Furthermore, Ritschdorff et al. recently demonstrated a multifocal-MPL approach 

capable of fabricating protein microstructures with varying crosslink densities to form 

multiple, spatially localized zones to exhibit differential expansion and contraction in 

response to pH [41]. The studies shown in Chapter 2 described the thermoresponsive 

properties of MPL-fabricated protein hydrogels, and have also been applied to study 

group behaviors in small bacterial populations [42]. This chapter presents the 

characterization of the visible light-induced responsive behavior of crosslinked protein 

materials. 

3.3.1 Light-Induced Response of RB(-)/BSA(-) Hydrogels 

The light-responsive properties of photocrosslinked BSA(-) materials were 

evaluated by fabricating BSA(-) test structures using either 8.5 mM RB(-) or 5.0 mM MB(+) 

as a photosensitizer and a 0.50-μm optical axis step size between fabrication layers. Each 

sample was illuminated for a period of 10 min in HEPES buffer. The MB(+)/BSA(-) 

hydrogels did not undergo an observable change in volume in response to the visible light 

irradiation. However, the 10-min illumination caused the RB(-)/BSA(-) test structures to 

irreversibly expand to a mean A/A0 value of 1.10 ± 0.01. To assess the light-induced 

response as a function of illumination time, RB(-)/BSA(-) hydrogels were imaged every 

min over a 30-min illumination period. The results from this experiment are shown in 

Figure 3.1. 
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Figure 3.1: Light-induced volume response of RB(-)/BSA(-) hydrogels as a function of 
illumination time. BSA(-) test structures made using 8.5 mM RB(-) and a    
0.50-μm optical axis step size between fabrication layers were illuminated 
for a 30-min period. The magnitude of the expansion increased with 
continued exposure to visible light. The corresponding images from the      
0-, 15-, and 30-min time-points (above the plot: outlined in red, blue, and 
green, respectively) show that the rate of expansion decreased with 
increased irradiation, where ~80% of the total expansion observed over the 
30-min illumination occurs within the first 15 min. Error bars represent one 
standard deviation (N = 4). Scale bar, 10 μm. 

The RB(-)/BSA(-) hydrogels continued to expand throughout the irradiation, but the 

rate of expansion decreased over time (Figure 3.1). The kinetics of photo-induced 

response will be discussed in greater detail in Section 3.3.3. These data show that the 

length of the illumination period provides a means to tune the magnitude of the volume 
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response. Although the test structures expanded to a mean A/A0 value of 1.19 ± 0.02 after 

30 min of illumination, the RB(-)/BSA(-) hydrogels had reached a mean A/A0 value of   

1.15 ± 0.01 after 15 min. Since ~80% of the total expansion over the 30-min irradiation 

occurred in the first 15 min, an illumination period of 15 min was chosen to characterize 

the photoresponsive properties of multiphoton-fabricated protein materials presented in 

this chapter (unless it is noted otherwise).  

3.3.2 Tuning the Light-Induced Response of RB(-)/BSA(-) Hydrogels 

In Chapter 2, I demonstrated that the thermal-induced volume response of 

photocrosslinked protein hydrogels could be tuned by varying fabrication parameters that 

affect the crosslinking density. While Figure 3.1 established that the degree of the photo-

induced expansion of multiphoton-fabricated RB(-)/BSA(-) hydrogels depends on the 

length of the illumination, this section characterizes how the photoresponse can be tuned 

by adjusting experimental parameters that influence the crosslinking density. In 

particular, this section describes the visible-light-induced volume expansion of             

RB(-)/BSA(-) hydrogels while independently varying three fabrication conditions that 

putatively impact crosslinking density during fabrication: the average laser power   

(Figure 3.2), the optical axis step size between fabrication layers (Figure 3.3), and the 

slow axis scan velocity (Figure 3.4). 

The degree of photo-induced expansion is expected to decrease as the crosslink 

density increases, as a result of the presence of more covalent crosslinks holding the 

hydrogel matrix together. Therefore, decreasing the average laser power for fabrication 

should reduce the crosslinking density and cause the RB(-)/BSA(-) hydrogels to undergo a 

greater degree of light-induced expansion. Figure 3.2 shows the visible light-induced 

volume expansion of BSA(-) test structures created using 8.5 mM RB(-) and a 0.50-μm 

optical axis step size between fabrication layers and seven different average laser powers 

(18, 23, 28, 33, 38, 43, and 48 mW). For these fabrication conditions, this range of 
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average laser powers produced RB(-)/BSA(-) hydrogels with sufficient structural quality to 

observe how the laser power modulates the photo-induced expansion. 
 

 

Figure 3.2: Tuning the light-induced response of RB(-)/BSA(-) hydrogels using the 
average laser power. BSA(-) test structures were made using 8.5 mM RB(-) 
and a 0.50-μm optical axis step size between fabrication layers. The light-
induced volume expansion in response to a 15-min illumination was 
examined for seven average laser powers used for fabrication ranging from 
18 to 48 mW (measured at the back aperture of the objective). Error bars 
represent one standard deviation (N ≥ 4).  

As predicted, the photo-induced expansion of RB(-)/BSA(-) hydrogels decreased as 

the average laser power used in fabrication increased, presumably due to an increase in 

the crosslink density within the protein matrix. For instance, RB(-)/BSA(-) test structures 

fabricated using average laser powers of 18 and 48 mW were observed to have mean 

A/A0 values of 1.44 ± 0.06 and 1.08 ± 0.01, respectively – over a five-fold decrease in 
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expansion. An average laser power of 33 mW was used for the remaining 

characterization studies described in this chapter (unless noted otherwise), as it produced 

high quality microstructures with good responsiveness, providing a mean A/A0 value of 

1.15 ± 0.01 for RB(-)/BSA(-) hydrogels (Figure 3.2). 

Figure 3.3 shows the photo-induced response of BSA(-) hydrogel test structures 

fabricated using five different optical axis step sizes between fabrication layers: 0.25, 

0.50, 0.75, 1.00 and 1.25 μm using 8.5 mM RB(-). Because the multiphoton fabrication 

voxel is elongated along the optical axis with dimensions in the submicron range when a 

high NA objective is used [55], decreasing the distance of the optical axis step size results 

in more overlap between fabrication layers, resulting in a higher crosslinking density. 

This range of distances between fabrication layers enabled fabrication of RB(-)/BSA(-) 

hydrogels with good structural quality and crosslink densities sufficient to establish a 

wide tuning range of photo-induced expansion. The number of fabrication layers was 

adjusted to insure all of the RB(-)/BSA(-) test structures were fabricated to the same 

nominal height (~8 μm). These results are shown in Figure 3.3. 
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Figure 3.3: Tuning the light-induced response of RB(-)/BSA(-) hydrogels by changing the 
optical axis step size between fabrication layers. BSA(-) test structures made 
using 8.5 mM RB(-) were all fabricated to have the same nominal height of    
8 μm. The light-induced volume response to a 15-min illumination was 
examined using five different optical axis step sizes between 0.25 and      
1.25 μm. Error bars represent one standard deviation (N ≥ 4). 

As expected, Figure 3.3 demonstrates that by increasing the distance between the 

fabrication layers, a higher degree of the photo-induced expansion of RB(-)/BSA(-) 

hydrogels is observed, presumably the result of decreasing the crosslink density within 

the protein matrix. Here, a three-fold change in the mean A/A0 values (1.09 ± 0.01 vs.    

1.34 ± 0.01) was determined for structures fabricated with optical axis step sizes of      

0.25 μm and 1.25 μm, respectively, in response to a 15-min irradiation using visible light. 

The relationship between the optical axis step size used for fabrication and the magnitude 

of photo-induced expansion appears to be somewhat linear over the range of step sizes 

examines in Figure 3.3. Since varying the optical axis step size modulates the extent of 
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overlap between layers, one would expect the degree of light-induced expansion to 

correlate linearly with the total amount of laser exposure per fabrication plane              

(i.e., fluence) – including the voxel overlap from other layers – until the number of 

crosslinking sites become saturated. 

Finally, the slow axis scan velocity was investigated as a possible means to alter 

the magnitude of the photo-induced response of RB(-)/BSA(-) hydrogels. The speed of the 

slower axis of the dual-axis glavo scanner dictates the amount of time required to 

fabricate one layer of a multi-layered protein microstructure. Decreasing the slow axis 

scan velocity increases the amount of laser exposure per fabrication plane (i.e., fluence), 

which results in more photocrosslinking reactions per layer. As such, RB(-)/BSA(-) 

hydrogels fabricated with slower scan velocities should expand less in response to visible 

light. Figure 3.4 shows the photo-induced response of BSA(-) hydrogel test structures 

fabricated using seven different slow axis scan velocities (14, 21, 28, 35, 47, 56, and      

70 μm s-1). This range of scan velocities was selected to demonstrate varying degrees of 

crosslink density while maintaining structural quality.  
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Figure 3.4: Tuning the light-induced response of RB(-)/BSA(-) hydrogels using the slow 
axis scan velocity. BSA(-) test structures made with 8.5 mM RB(-) were 
fabricated with varying slow axis scan time. The light-induced volume 
expansion as a result of a 15-min illumination was examined for seven slow 
axis scan velocities from 14 – 70 μm s-1. Error bars represent one standard 
deviation (N ≥ 4). 

The data shown in Figure 3.4 are consistent with the prediction that an increased 

slow axis scan time results in a greater crosslinking density, thereby reducing the 

magnitude of the photo-induced expansion observed for RB(-)/BSA(-) hydrogels. In this 

experiment, RB(-)/BSA(-) test structures created using slow axis scan velocities of 70 and 

14 μm s-1 underwent a light-induced expansion to an observed mean A/A0 value of      

1.36 ± 0.01 and 1.09 ± 0.02, respectively. The relationship between the slow axis scan 

velocity and the degree of photo-induced expansion observed in Figure 3.4 is nonlinear, 

which could arise from saturation of crosslinking sites as well as complex diffusion and 

photochemical effects within the fabrication environment.  
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The results presented in this section demonstrate how the photoresponsive 

properties of multiphoton-fabricated RB(-)/BSA(-) materials can be tuned by varying a 

number of experimental conditions that affect the crosslinking density. The capacity to 

modulate the photo-induced volume expansion of RB(-)/BSA(-) materials was established 

using three separate fabrication parameters: the average laser power, the optical axis step 

size between fabrication layers, and the slow axis scan velocity. However, adjusting any 

experimental condition that influences the crosslinking density, such as the protein and 

photosensitizer concentrations, should produce a similar result.  

3.3.3 Photochemical Nature of the Light-Induced Responsive Properties of 
Multiphoton-Fabricated Protein Hydrogels 

As discussed earlier, some light-responsive hydrogel polymers exhibit expansion 

and contraction as a result of photothermal conversion when irradiated [10, 29-31]. In 

contrast to hydrogel materials that respond to light by converting photon energy to heat, 

the photo-induced expanded state observed for photocrosslinked RB(-)/BSA(-) hydrogels in 

Figure 3.1 was irreversible. This result is consistent with the behavior of hydrogels that 

are respond to light via a photochemical process [32, 56], and is an effect that could be 

mediated by residual photosensitizer incorporated into the protein matrix during 

fabrication. After fabrication and extensive washing, the multiphoton-fabricated 

structures remained colored (pink for structures made using RB(-), and blue for structures 

made using MB(+)), which indicates that some photosensitizer may be retained in protein 

binding pockets or covalently attached to the hydrogel matrix. Monitoring the 

temperature of the buffer solution in the sample well with a 500-μm-diameter 

thermocouple positioned near the surface of the coverglass revealed that a temperature at 

or below 25°C was maintained during irradiation. Moreover, the photo-induced 

expansion of RB(-)/BSA(-) hydrogels was not altered when illuminated in a bath 

temperature between 3.0 – 4.5°C. Both of these measurements indicate the solution 

temperature at the glass surface and not the temperature within the hydrogel matrix. 
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However, since the volume of the microstructure ( < 3 pL) is extremely small relative to 

the solution volume (~2 mL), the solution temperature should provide a reasonable 

estimate of the microstructure temperature during irradiation. 

To investigate the photochemical nature of the visible light-induced volume 

response of multiphoton-fabricated protein hydrogel materials, BSA(-) test structures 

made using 8.5 mM RB(-) were illuminated in the presence of known free radical 

quenchers (crocin, curcumin, ascorbic acid, and sodium azide) (Figure 3.5b). Micro- to 

millimolar concentrations of the free radical quenchers were observed to inhibit the light-

induced expansion of RB(-)/BSA(-) test structures, indicating that photo-generated free 

radical species are required for the volume response to occur. The results of these studies 

are shown in Figure 3.5a.  

RB(-) has been shown to generate a number of reactive oxygen species (ROS), 

including hydroxyl radicals (HO●), hydroxyl anions (OH-), superoxide anions (●O2
-), 

singlet oxygen (1O2), and hydrogen peroxide (H2O2) when exposed to light, [57-62]. Of 

these ROS, RB(-) forms 1O2 and ●O2
- with the highest quantum yields,  of 75 – 80% and 

20%, respectively [57, 58]. The quencher molecules examined in Figure 3.5 have been 

reported as antioxidants with the ability to transfer electrons and/or energy to ROS, and, 

thereby suppress them [59, 63-67].  
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Figure 3.5: Light-induced volume response of RB(-)/BSA(-) hydrogels illuminated in the 
free radical quenchers. (a) The photo-induced expansion of RB(-)/BSA(-) test 
structures was inhibited when free radical quenchers were present in micro- 
to millimolar concentrations during irradiation. (b) Chemical structures of 
the four free radical quenchers examined: (1) crocin, (2) curcumin,                     
(3) L-ascorbic acid, and (4) sodium azide. All A/A0 values represent the 
mean of N ≥ 4 with the error given as one standard deviation.  

Figure 3.5a shows that all four of the quencher molecules employed in these 

studies attenuated the light-induced expansion of RB(-)/BSA(-) hydrogels, however, 
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curcumin was the least effective. Compared to the other quenchers used in these studies, 

curcumin is less soluble, and potentially less active in aqueous solvents. Moreover, 

another possible explanation for the reduced efficacy observed using curcumin could be 

that in addition to quenching ROS, it has also been shown to generate ●O2
- [65, 66]. 

Although all of the molecules quench 1O2, ●O2
-, OH-, and H2O2 [59, 65, 67-69], more 

experiments are needed to determine which ROS are responsible the photo-induced 

expansion and how these quenchers inhibit this process.  

The results in Figure 3.5 demonstrate that some photosensitizer is incorporated 

into the protein matrix after the fabrication process and extensive washing. Furthermore, 

RB(-)/BSA(-) test structures that were washed, left in buffer for 24 h, and washed again 

prior to illumination expanded to have the same mean A/A0 value (1.15 ± 0.01) as 

structures that were washed and irradiated immediately after fabrication. Although this 

result suggests that the RB(-) initially integrated into the structure remains in the protein 

matrix, additional experiments are needed to determine whether the photosensitizer 

dissociates from the hydrogel over longer periods of time. 

To examine the spectral characteristics of the light-induced volume response of 

multiphoton-fabricated protein matrices, four replicate sets of BSA(-) test structures were 

created using 8.5 mM RB(-) and irradiated for 15 min with one of the following in the 

illumination pathway: no filter, a 400 nm bandpass filter, a tetramethyl rhodamine       

iso-thiocyanate (TRITC) excitation filter, or a longpass dichroic filter (Figure 3.6b).  
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Figure 3.6: Impact of spectral isolation during illumination on the light-induced volume 
response of RB(-)/BSA(-) hydrogels. (a) BSA(-) test structures were fabricated 
using 8.5 mM RB(-) and irradiated through spectral filters for 15 min. The 
plot shows the volume response induced by a 15-min irradiation using no 
filter (white bar), a 400 nm bandpass filter (blue bar), a tetramethyl 
rhodamine iso-thiocyanate (TRITC) excitation filter (green bar), or a Texas 
Red emission filter (red bar). Significant light-induced expansion was only 
observed when no filter (white bar) or the TRITC excitation filter (green 
bar) was used. (b) The transmittance spectra of the three filters used in (a) 
are shown in blue (400 nm bandpass), green (TRITC excitation), and red 
(longpass dichroic). (c) The absorption spectrum of 7.7 μM RB(-) is shown 
plotted on the same wavelength scale as the filter spectra to illustrate where 
each filter and RB(-) overlap. Very little or no response was observed for 
samples irradiated with wavelengths where RB(-) does not absorb (blue and 
red bars). Error bars represent one standard deviation (N ≥ 4). 
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Figure 3.6a shows that no significant photo-induced expansion occurred when 

RB(-)/BSA(-) test structures were irradiated through the 400 nm bandpass filter (blue bar) 

or the longpass dichroic filter (red bar). However, RB(-)/BSA(-) test structures illuminated 

through the TRITC excitation filter (green bar) exhibited an attenuated expansion in 

comparison to the set of test structures irradiated without a filter (white bar)            

(Figure 3.6a). These data can be explained by interpreting the results alongside the 

transmittance spectra of the three filters (Figure 3.6b) and the absorption spectrum of   

7.7 μM RB(-) (Figure 3.6c) – the TRITC excitation filter is the only filter that transmits 

the wavelength range of visible light where RB(-) absorbs, and the photo-induced 

expansion was attenuated because the transmitted range of wavelengths only excites a 

fraction of the RB(-) absorption peak. 

The data in Figure 3.6 establish a direct relationship between the light-induced 

response of RB(-)/BSA(-) hydrogels and the absorption characteristics the photosensitizer 

molecule integrated into the protein matrix. Collectively, the data in Figures 3.5 and 3.6 

suggest that the visible light-induced response of multiphoton-fabricated RB(-)/BSA(-) 

hydrogels is photochemical in nature. 

3.3.4. Light-Induced Response of Multiple Photosensitizer-Protein Combinations 

MPL has been demonstrated with a number of proteins, including BSA(-), Av(+), 

Lyso(+), Myo(ϕ), cytochrome c, casein, and others [7, 44, 45, 47, 49, 52-54, 70, 71]. 

Previous work has illustrated that MPL-fabricated materials made using BSA(-), Av(+), and 

Lyso(+) exhibit a hydrogel-like response to changes to chemical stimuli (pH and ionic 

strength) [7, 41]. Furthermore, the studies discussed in Chapter 2 of this dissertation 

showed that photocrosslinked BSA(-) and Av(+) materials undergo an irreversible volume 

transition in response to increased temperatures [42]. This section presents the 

characterization of the light-induced responsive properties of MPL-fabricated hydrogels 
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materials composed of various proteins (Av(+), Lyso(+), and Myo(ϕ)) in addition to BSA(-), 

and two photosensitizers (RB(-) and MB(+)).  

Test structures were made from each photosensitizer-protein combination using 

the following fabrication conditions: multiple average laser powers ranging from           

23 to 48 mW, a 0.50-μm optical axis step size between layers, a slow axis scan velocity 

of 21 μm s-1, either 8.5 mM RB(-) or 5.0 mM MB(+), and 400 mg mL-1 BSA(-), Av(+), or 

Lyso(+), or 40 mg mL-1 of Myo(ϕ). The fabrication pH in most experiments (pH 7.4) was 

close to the isoelectric point (pI) of Myo(ϕ) (pIMyo ~7.3) [72], and as a result, the solubility 

of Myo(ϕ) was decreased. In these studies, the concentration of Myo(ϕ) that was used for 

fabrication was ten-fold lower than the other proteins that were examined. Myo(ϕ) 

contains a non-covalently bound heme group that can initiate intramolecular 

photocrosslinking between amino acid residues upon absorbing visible light [52, 73, 74], 

therefore, it was possible to fabricate test structures of sufficient integrity for these 

studies using a lower protein concentration. The only photosensitizer-protein 

combinations not used were RB(-)/Lyso(+) and MB(+)/Myo(ϕ), because RB(-) and Lyso(+) are 

known to interact and precipitate from solution [75, 76], and high quality MB(+)/Myo(ϕ) 

test structures could not be created using the same fabrication conditions, due to the poor 

solubility of Myo(ϕ) and MB(+) at pH 7.4. The light-induced volume response was 

evaluated after each set of hydrogel test structures was illuminated for 15 min in HEPES 

buffer (Figure 3.7). 
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Figure 3.7: Light-induced response of multiple photosensitizer-protein combinations. 
Hydrogel test structures fabricated from various pairs of photosensitizers 
and proteins undergo different responses to irradiation using visible light in 
HEPES buffer at pH 7.4. Combinations in which both the protein and 
photosensitizer were negatively charged (RB(-)/BSA(-)) expanded in response 
to irradiation, and combinations resulting in a positively charged hydrogel 
(MB(+)/Av(+) and MB(+)/Lyso(+)) contracted. Reduced-charge conditions, 
where the protein and photosensitizer had opposite charges (MB(+)/BSA(-) 
and RB(-)/Av(+)), or when the pH was close to the isoelectric point (pI) of the 
protein (RB(-)/Myo(ϕ), pIMyo ~7.3), resulted in no significant volume change. 
The ability to tune the magnitude of the light-induced response is 
demonstrated with data from test structures fabricated using two average 
laser powers (33 and 48 mW) for each photosensitizer-protein combination. 
Error bars represent one standard deviation (N ≥ 4). 

The results in Figure 3.7 show that photosensitizer-protein combinations 

producing hydrogels with excess charge expanded (negative) or contracted (positive) in 

response to illumination with visible light. However, hydrogels with reduced charge, 
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fabricated using a photosensitizer with an opposite charge from the net charge of the 

protein, were unresponsive to irradiation. For the proteins and photosensitizers used in 

the studies presented in Figure 3.7: pIAv ~10.0-10.5; pIBSA ~4.7-4.9; pILyso ~11.3;          

pIMyo ~7.3; and RB(-) pKa 3.9, 4.7; MB(+) pKa ~1.0 [57, 72, 77-79]. Therefore, at pH 7.4,  

BSA(-) and RB(-) are negatively charged, Av(+), Lyso(+), and MB(+) are positively charged, 

and Myo(ϕ) is nearly neutral. Accordingly, the charged hydrogels, RB(-)/BSA(-), 

MB(+)/Av(+), and MB(+)/Lyso(+), all exhibited a light-induced volume response, while 

MB(+)/BSA(-), RB(-)/Av(+), and RB(-)/Myo(ϕ) hydrogel test structures were unresponsive to 

visible light (Figure 3.7).  

Although RB(-) is negatively charged and Myo(ϕ) is neutral at pH 7.4, no expansion 

was observed, possibly because the pH is so close to the pIMyo, where proteins are 

generally the most stable. Correspondingly, when RB(-)/Myo(ϕ) test structures were 

illuminated at pH 9.0, expansion was observed in response to the irradiation, as expected, 

given the charges of the protein and photosensitizer (data shown in Table 3.4). For 

simplicity, the ability to modulate the degree of light-induced volume response was only 

shown for two average laser powers for each photosensitizer-protein (Figure 3.7). 

It is important to note that the charge of each protein predicted by its pI reflects 

the net charge of the protein as a monomer in aqueous solution. It is possible that the 

number of charged amino acid residues and distribution of localized regions of charge are 

altered for each protein as a result of the fabrication process. Although the net positive, 

negative, and ~neutral net charges for the proteins used in these studies, as determined by 

the protein’s pI, appear to be sufficient to establish general charge-mediated trends in 

photoresponsive behavior of these hydrogel materials, the actual magnitude of charge for 

crosslinked form of each protein remains unknown.   
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3.3.5 Charge-Mediated Response to Light of Protein Hydrogels 

The volume response of protein hydrogel materials triggered by visible light can 

be increased, decreased, inhibited, and reversed by disturbing the environmental 

conditions post-fabrication with the addition of charged proteins, polyamino acids (poly-

L-lysine [PLL(+)], poly-D-lysine [PDL(+)], and poly-L-aspartic acid [PLA(-)]), or dyes to 

the solution incubating the microstructures during irradiation. The polyamino acids and 

dyes are added to the post-fabrication incubation solution as a net neutral species         

(i.e., with a counter-ion), such that all positive charges are matched by an equivalent 

amount of negative charge. Although the counter-ions also interact with the protein 

matrix, the counter-ions used in these studies (Na+, Cl-, and Br-) all have a much smaller 

charge radius than the charged dyes and polyamino acids. Consequently, the strength of 

the ionic forces and Van der Waals forces between protein matrix and the 

dyes/polyamino acids should be greater than those with the counter-ions. Moreover, since 

proteins have numerous non-covalent binding pockets and localized regions of charge, it 

is likely that multiple dyes/polyamino acids are associated with the protein once the 

hydrogel microenvironment reaches equilibrium. 

The general trends for how charge appears to mediate the light-induced volume 

response of MPL-fabricated protein hydrogels are shown in Table 3.1 for the same 

photosensitizer-protein combinations used in Section 3.3.4. The trends presented in this 

abbreviated table are discussed in greater detail in the forthcoming sections, which are 

dedicated to the different charge scenarios resulting from various photosensitizer-protein 

combinations described in Table 3.1.    
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Reagent Charges 

(photosensitizer & protein) 
Charge 

Perturbation Result 

none expansion 

+ reduced expansion / contraction 
Negative                             

(combination: RB(-)/BSA(-)) 
- expansion 

none contraction 
+ contraction 

Positive                             
(combinations: MB(+)/Av(+), 

MB(+)/Lyso(+)) - reduced contraction / expansion 
none no change 

+ no change / contraction Reduced                            
(combination: RB(-)/Myo(ϕ)) 

- expansion 
none no change 

+ contraction 
Opposite                                 

(combinations: MB(+)/BSA(-),  
RB(-)/Av(+)) - expansion 

-, +, and ϕ denote negative, positive, and ~neutral species, respectively. 

  Table 3.1: General trends in the charge-mediated response to light of protein hydrogels. 
This condensed table represents the influence of charge on the light-induced 
volume response of MPL-fabricated protein matrices and the ability to tailor 
the photoresponsive properties of the different hydrogel materials by 
perturbing the charge environment in the post-fabrication incubation 
solution. More detailed information and experimental data for each charge 
scenario can be found in Tables 3.2-3.5.    

Table 3.1 indicates that the overall charge character of the hydrogel 

microenvironment during illumination influences the direction of the photo-induced 

volume change for each photosensitizer-protein pair and charge perturbation. 

Multiphoton-fabricated hydrogels composed of a protein and photosensitizer with the 

same charge are responsive to irradiation using visible light, whereas oppositely charged 

combinations do not exhibit a volume change. Similar to the temperature-induced volume 

response of photocrosslinked protein hydrogels discussed in Chapter 2, the 

photoresponsive behavior appears to be affected by the charge of the photosensitizer and 

protein. For example, an unperturbed negatively charged RB(-)/BSA(-) hydrogel undergoes 

a volume expansion in response to illumination, but can contract when irradiated in a 

cationic environment. Furthermore, MB(+)/Lyso(+) test structures contracted as a result of 
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exposure to light, but expanded when illuminated in the presence of anionic species. 

Accordingly, the light-induced expansion and contraction processes are not specific to the 

spectral absorption characteristics of RB(-) and MB(+), respectively. 

Hydrogels composed of oppositely charged photosensitizer-protein pairs and 

protein matrices illuminated at a pH close to the pI of the protein are not responsive 

unless the charge environment is perturbed. Therefore, these hydrogels with reduced 

charge may not be prone to rearrangement or further reactivity within the protein matrix 

when exposed to visible light. Irradiation in a charged hydrogel environment may cause 

the protein and excited-state photosensitizer (or photo-generated free radical species) to 

interact and then develop a more favorable electrostatic configuration by cleaving or 

forming bonds within the protein matrix. For example, in various demonstrations by 

Thornton et al., charge interactions were used to mediate bond cleavage and electrostatic 

attraction, to cause expansion and contraction, respectively, in peptide-modified 

poly(ethylene glycol acrylamide) (PEGA) hydrogels loaded with charged proteins (Av(+) 

and BSA(-)) [14, 22].  

The excitation properties of the absorbing species in the hydrogel, combined with 

the electrostatic interactions between the photosensitizer, protein, and any charged 

compounds perturbing the environment, appear to control the type of photochemistry that 

transpires as a result of illumination. The photochemical nature of the light-induced 

volume expansion and contraction processes in combination with the anionic and cationic 

charge required to achieve a response to illumination suggest that the excited-state 

photosensitizer molecules may initiate bond-breaking, de-crosslinking, or crosslinking 

reactions within the charged hydrogel microenvironment – similar to the manner that 

photoinitiators have been shown to react with photo-generated acids and bases through 

complex mechanisms to sever and form bonds within polymer networks [80-84].  

Given that proteins have localized regions of negative and positive charge and   

de-crosslinking and crosslinking are competing processes, it is possible that both could 



 95 

take place within a hydrogel over the course of an illumination period without producing 

a measurable volume expansion or contraction. One could speculate that cleaving bonds 

or de-crosslinking within a microstructure may result in expansion by providing space for 

the protein to gain the steric freedom necessary to rearrange and stabilize repulsive 

charges. Conversely, it is possible excess positive charge during illumination may cause 

the protein to undergo conformational changes that bring the remaining crosslinking sites 

closer together to form additional bonds, or that further crosslinking throughout the 

matrix results in a more dense, compact microstructure.  

3.3.6 Tuning the Light-Induced Response of Negatively Charged Protein Hydrogels 

Although Section 3.3.3 examined tuning the light-induced volume expansion of 

RB(-)/BSA(-) hydrogels by varying fabrication parameters that affect the crosslinking 

density, controlling the charge character of the environment provides an additional means 

to tailor the photoresponsive properties of negatively charged hydrogels to a greater 

extent. The influence of cationic and anionic charge on the light-induced response of    

RB(-)/BSA(-) hydrogels are shown in Table 3.2.  



 96 

 
A/A0 

Fabrication Power 
Illumination 

Condition 
 43 mW 38 mW 33 mW 

RB(-)/BSA(-) 
Charge Perturbation 
Cationic:       

2.5 x 10-3 M MB(+)† 1.02 ± 0.01 1.03 ± 0.02 1.05 ± 0.01 
1.0 x 10-3 M MB(+)* 1.00 ± 0.01 0.97 ± 0.01 0.95 ± 0.01 

pH 3.4* 0.94 ± 0.01 0.93 ± 0.01 0.89 ± 0.02 
Anionic:       

  0.5 mg mL-1 PLA(-)* 1.11 ± 0.01 1.12 ± 0.01 1.14 ± 0.01 

     1.0 x 10-3 M RB(-)* 1.19 ± 0.01 1.22 ± 0.01 1.25 ± 0.02 
* Indicates samples illuminated with the additional charged species present.                                                            
† Indicates samples incubated in the additional charged species for 15 min, then 
washed and illuminated in HEPES buffer. 

 

Table 3.2: Tuning the light-induced response of negatively charged (RB(-)/BSA(-)) 
hydrogels. The protein (BSA(-)) and photosensitizer (RB(-)) concentrations, 
fabrication conditions that affect crosslinking density, were used to alter the 
light-triggered volume response. Perturbing the irradiation environment with 
cationic (+) species or by lowering the pH below the pIBSA and RB(-) pKa 
attenuated or reversed the photoresponse of the test structures. Excess 
anionic (-) charge enhanced the light-induced expansion. All A/A0 values 
represent the mean of N ≥ 4, with the error given as one standard deviation. 

Introducing perturbations to the charge environment provides an additional means 

to modulate the photo-induced volume response. The results in Table 3.2 show that 

perturbing the negatively charged hydrogel with cationic species (PLL(+), PDL(+), and 

MB(+)) diminished the light-induced expansion, and even caused the RB(-)/BSA(-) 

hydrogels to contract as a result of illumination. Although incubating the hydrogels in a 

charged species and then returning the sample to HEPES buffer for irradiation affected 

the light-induced volume change, illuminating the test structures in the presence of the 

charged species had a larger impact. Buffering to pH 3.4, a pH below the pIBSA and       

RB(-) pKa, caused the protein and photosensitizer to hold a positive charge, and the        

RB(-)/BSA(-) hydrogels responded to irradiation in the same manner as the positively 



 97 

charged MB(+)/Av(+) and MB(+)/Lyso(+) test structures (i.e., they contracted). It is 

interesting to note this charge-mediated change in the photoresponsive behavior of      

BSA(-), because ≤ pH 4, the protein is to unfold and lose helical content, which results in 

an expanded conformation [85].  

 Illuminating the RB(-)/BSA(-) hydrogels in PLA(-) did not significantly change the 

photoresponse. However, irradiating the test structures in 1.0 mM RB(-) caused a greater 

degree of expansion, most likely due to the combination of added charge and excess RB(-) 

contributing to the photochemically generated response.  

3.3.7 Tuning the Light-Induced Response of Positively Charged Protein Hydrogels 

Multiphoton-fabricated hydrogels with a positively charged photosensitizer and 

protein (MB(+)/Lyso(+) and MB(+)/Av(+)) were observed to undergo a volume contraction in 

response to light. As shown for RB(-)/BSA(-) in Table 3.1, the photo-induced response of 

these positively charged hydrogels made with MB(+) was also inhibited when illuminated 

in micro- to millimolar concentrations of free radical quenchers, verifying that the 

photochemical nature of the light-induced response is not exclusive to RB(-) (Table 3.3).  
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A/A0 

Fabrication Power 
Illumination 

Condition 
 43 mW 38 mW 33 mW 

MB(+)/Lyso(+) 
HEPES Buffer 0.86 ± 0.01 0.82 ± 0.01 0.78 ± 0.01 

Radical Quenchers 
5.0 x 10-6 M Crocin* 0.90 ± 0.01 0.87 ± 0.01 0.85 ± 0.01 
5.0 x 10-5 M Crocin* 0.93 ± 0.01 0.91 ± 0.01 0.90 ± 0.01 
2.0 x 10-4 M Crocin* 0.95 ± 0.01 0.95 ± 0.02 0.96 ± 0.01 
5.0 x 10-3 M Crocin* 1.00 ± 0.01 0.99 ± 0.01 0.98 ± 0.01 

Charge Perturbation 
Cationic:       
   0.075% w/vol PLL(+)* 0.89 ± 0.01 0.90 ± 0.01 0.90 ± 0.01 
Anionic:   
   0.5 mg mL-1 PLA(-)* 1.01 ± 0.02 1.04 ± 0.01 1.07 ± 0.01 
   1.0 x 10-2 M RB(-)† 1.35 ± 0.01 1.40 ± 0.01 1.48 ± 0.01 
MB(+)/Av(+) 

HEPES Buffer 0.86 ± 0.01 0.83 ± 0.01 0.80 ± 0.01 
Radical Quenchers 

 5.0 x 10-6 M crocin* 0.88 ± 0.01 0.85 ± 0.01 0.83 ± 0.01 
 5.0 x 10-5 M crocin* 0.95 ± 0.01 0.94 ± 0.02 0.90 ± 0.01 
 2.0 x 10-4 M crocin* 0.97 ± 0.01 0.96 ± 0.01 0.92 ± 0.01 

Charge Perturbation 
Anionic:   

8.5 x 10-3 M RB(-)† X X 0.99 ± 0.01 
* Indicates samples illuminated with the additional charged species present.                                                            
† Indicates samples incubated in the additional charged species for 15 min, 
then washed and illuminated in HEPES buffer. 
X indicates no data for this condition. 

Table 3.3: Tuning the light-induced response of positively charged (MB(+)/Lyso(+) and 
MB(+)/Av(+)) hydrogels. Adding free radical quenchers during irradiation 
inhibited the light-induced response of positively charged microstructures 
made with MB(+). Perturbing the illumination environment with anionic (-) 
species attenuated or reversed the photoresponse of the test structures. 
Adding more cationic (+) charge caused the hydrogels to contract to a 
greater extent. All A/A0 values represent the mean of N ≥ 4, with the error 
given as one standard deviation. 

The results in Table 3.3 demonstrate that perturbing the charge environment also 

modifies the photoresponsive behavior of positively charged protein hydrogels. The two 

positively charged hydrogels examined, MB(+)/Lyso(+) and MB(+)/Av(+), exhibited a 

volume contraction when illuminated. This light-induced contraction was attenuated for 
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MB(+)/Av(+) when irradiated after washing with negatively charged RB(-) and reversed for 

MB(+)/Lyso(+) hydrogels when irradiated in anionic environments (PLA(-) and RB(-)). 

Perturbing the charge environment of MB(+)/Lyso(+) hydrogels with cationic charge 

(PLL(+)) resulted in reduced contraction, rather than enhancing the photoresponse. This 

observation is most likely because the pILyso (~11.3) is nearly a full pH unit higher than 

the PLL pKa (~10.1-10.3) [78, 86]. Therefore, PLL(+) is not contributing additional 

positive charge to the MB(+)/Lyso(+) hydrogel environment.   

3.3.8 Tuning the Light-Induced Response of Reduced-Charge Protein Hydrogels 

The studies in Section 3.3.4 presented in Figure 3.7 demonstrated that               

RB(-)/Myo(ϕ) hydrogels were not responsive to light when irradiated at pH 7.4. While RB(-) 

is negatively charged at pH 7.4, pH is extremely close to the isoelectric point of Myo(ϕ) 

(pIMyo ~7.3) [72], where proteins are most stable. Therefore, it is not surprising that no 

expansion was observed. To explore the photoresponsive properties of RB(-)/Myo(ϕ) 

hydrogels further, test structures were illuminated at four different pH values (pH 9.0, 

7.4, 6.5 and 5.5). The effect of perturbing the charge environment on the light-induced 

response was also examined at pH 5.5. The results of these studies are shown in         

Table 3.4.  
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RB(-)/Myo(ϕ) 

Fabrication Power pH Condition                    
(Charge Perturbation) Myo Charge 

 43 mW 38 mW 33 mW 
8.5 mM RB(-) 

pH 9.0 - 1.10 ± 0.01 1.12 ± 0.01 1.14 ± 0.01 
pH 7.4 ϕ 1.00 ± 0.01 1.00 ± 0.01 1.00 ± 0.01 
pH 6.5 + 0.98 ± 0.01 0.99 ± 0.01 0.99 ± 0.01 
pH 5.5 + 1.00 ± 0.01 0.98 ± 0.02 0.98 ± 0.01 

Charge Perturbation 
Cationic:          

pH 5.5                                            
(2.5 x 10-3 M MB(+)†) + 0.90 ± 0.01 0.91 ± 0.01 0.88 ± 0.01 

† Indicates samples incubated in the additional charged species for 15 min, then washed and 
illuminated in pH 5.5 buffer. 

 

Table 3.4: Tuning the light-induced response of reduced-charge hydrogels. The    
photo-induced response of RB(-)/Myo(ϕ) test structures was examined at four 
different pH values to manipulate the charge of the Myo(ϕ) matrix. At         
pH 5.5, where Myo(~+) is positively charged (and unresponsive to 
illumination), perturbing the charge environment with a cationic species 
(MB(+)) prompted the RB(-)/Myo(~+) hydrogels to contract in response to 
irradiation. All A/A0 values represent the mean of N ≥ 4, with the error 
given as one standard deviation. 

Table 3.4 demonstrates that modulating the pH to values above and below the 

pIMyo caused the RB(-)/Myo(ϕ) hydrogels that were unresponsive at pH 7.4 to exhibit the 

same charge-mediated photoresponsive properties as the negatively and positively 

charged protein hydrogels discussed in the Sections 3.3.6 and 3.3.7. At pH 9.0, where 

both RB(-) and Myo(-, pH 9.0) are negatively charged, the hydrogels expanded as a result of 

illumination. Correspondingly, when the pH was adjusted to pH 6.5 and pH 5.5, where 

Myo(~+) has a slight positive charge (both are still near pIMyo) and RB(-) remains anionic, 

the RB(-)/Myo(~+) hydrogels are unresponsive when exposed to light. However, perturbing 

the hydrogel with reduced charge by incubating in cationic MB(+) prior to illumination 

caused the RB(-)/Myo(~+) hydrogel to undergo a light-induced volume contraction. 
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3.3.9 Tuning the Light-Induced Response of Oppositely Charged Protein Hydrogels 

Additional local charge not only modulates the response of photocrosslinked 

hydrogels to light, but it can also induce a physical volume change in otherwise 

unresponsive protein matrices. For instance, MB(+)/BSA(-) and RB(-)/Av(+) hydrogels did 

not exhibit a volume change in response to irradiation (Figure 3.7 and Table 3.1). Yet, 

when illuminated in a cationic or anionic environment, matrices composed of both 

photosensitizer-protein combinations underwent a volume contraction and expansion, 

respectively (Table 3.1). This concept is demonstrated in Figure 3.8, where MB(+)/BSA(-) 

and RB(-)/Av(+) test structures were irradiated in the presence of 0.075 % w/vol PLL(+) and 

0.5 mg mL-1 PLA(-). 
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Figure 3.8: Charge-mediated response to light of oppositely charged protein hydrogels. 
Oppositely charged photosensitizer-protein combinations (MB(+)/BSA(-) and 
RB(-)/Av(+)) produce hydrogels that are unresponsive to light (left). Added 
cationic (0.075% w/vol PLL(+)) and anionic (0.5 mg mL-1 PLA(-)) charge 
during illumination caused both types of hydrogels to contract (middle) and 
expand (right), respectively, in response to illumination. Error bars represent 
one standard deviation (N = 4). 

The results in Figure 3.8 demonstrate that the charge conditions of the 

illumination environment can cause reduced-charge hydrogels to expand and contract. 

The ability to tune the photoresponsive behavior of multiphoton-fabricated protein 

hydrogels with charge perturbations was explored further using MB(+)/BSA(-) test 

structures and sequential charge washes and illuminations (Figure 3.9). 
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Figure 3.9: Tuning the light-induced response of MB(+)/BSA(-) hydrogels using 
sequential charge perturbations and illuminations. Sequential irradiations in 
cationic then anionic polyamino acids (0.075% w/vol PLL(+) and                   
0.5 mg mL-1 PLA(-), respectively), and vice versa, caused MB(+)/BSA(-) 
hydrogels to contract and then expand (filled black squares, bottom x-axis) 
and expand and then contract (open gray circles, top x-axis). Error bars 
represent one standard deviation (N = 4).   

In these studies using MB(+)/BSA(-) test structures, the initial charge-mediated 

volume response to light was reversed by a second charge perturbation and illumination 

with the opposite charge (Figure 3.9). Here, MB(+)/BSA(-) structures were contracted and 

then expanded with sequential washes and illuminations in 0.075% w/vol PLL(+) and        
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0.5 mg mL-1 PLA(-) (filled black squares, Figure 3.9), and also expanded then contracted 

with subsequent washes and irradiations in 0.5 mg mL-1 PLA(-) and then                            

0.075% w/vol PLL(+) (open gray circles, Figure 3.9). It should be noted that a small 

degree of chemically induced expansion (filled black squares between “Illum.” and 

“PLA(-)”, Figure 3.9) or contraction (open gray circles, between “Illum.” and “PLL(+)”, 

Figure 3.9) was observed after the first illumination when the charge environment was 

perturbed. This chemically induced volume change was found to be reversible (data not 

shown). 

In this example, both sequences of charge perturbations and irradiations resulted 

in a net volume expansion relative to the original size of the hydrogel. However, by 

adjusting experimental parameters, such as the irradiation time and optical axis step size 

between fabrication layers, sequential charge perturbations and illuminations could 

provide a possible means to reverse the photo-induced volume response of a protein 

hydrogel.  

Because oppositely charged hydrogels appear to be influenced by both cationic 

and anionic species more readily than hydrogels that are already charged, the light-

induced response of hydrogels with opposite charges were examined further using a 

number of charged species. The majority of the characterization of the charge-mediated 

photoresponsive properties of hydrogels with opposite charges was performed using 

MB(+)/BSA(-) hydrogels, rather than RB(-)/Av(+) due to the high cost of Av(+) (Table 3.5).  
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A/A0 

Fabrication Power 
Illumination         

Condition 
 43 mW 38 mW 33 mW 

MB(+)/BSA(-) 
HEPES Buffer 1.00 ± 0.01 1.00 ± 0.01 1.00 ± 0.01 

Radical Quenchers 
             5.0 x 10-3 M Crocin* 0.99 ± 0.01 0.99 ± 0.01 1.00 ± 0.01 
Charge Perturbation 
Cationic:        
          0.075% w/vol PLL(+)† 0.91 ± 0.01 0.88 ± 0.02 0.86 ± 0.02 
          0.075% w/vol PLL(+)* 0.97 ± 0.01 0.98 ± 0.01 0.96 ± 0.01 
          1.0 mg mL-1 PDL(+)* 0.92 ± 0.01 0.90 ± 0.01 0.89 ± 0.02 
          3.7 x 10-3 M Spermine(+)* 0.98 ± 0.01 0.97 ± 0.01 0.96 ± 0.01 
                    pH 3.4* 0.91 ± 0.01 0.91 ± 0.01 0.90 ± 0.01 
 Anionic:      
          0.5 mg mL-1 PLA(-)† 1.01 ± 0.01 1.02 ± 0.02 1.05 ± 0.01 
          0.5 mg mL-1 PLA(-)* 1.06 ± 0.01 1.07 ± 0.02 1.09 ± 0.01 

      2.6 x 10-3 M  D-aspartic acid(-)* 1.06 ± 0.02 1.06 ± 0.02 1.08 ± 0.01 
      2.6 x 10-3 M  L-aspartic acid(-)* 1.06 ± 0.01 1.07 ± 0.01 1.10 ± 0.01 

          8.5 x 10-3 M RB(-)† 1.35 ± 0.01 1.40 ± 0.01 1.48 ± 0.01 
          1.1 x 10-2 M Fluorescein(-)† 1.11 ± 0.01 1.15 ± 0.02 1.23 ± 0.01 
          1.1 x 10-2 M Eosin Y(-)† 1.14 ± 0.01 1.15 ± 0.01 1.17 ± 0.01 

RB(-)/Av(+) 
HEPES Buffer 1.00 ± 0.01 1.00 ± 0.01 0.99 ± 0.01 

Radical Quenchers 
          5.0 x 10-3 M Crocin* 1.00 ± 0.01 0.99 ± 0.01 1.00 ± 0.01 
Charge Perturbation 
Cationic:    
          0.075% w/vol PLL(+)† 0.97 ± 0.01 0.96 ± 0.01 0.90 ± 0.01 
          0.075% w/vol PLL(+)* 0.85 ± 0.02 0.76 ± 0.01 0.72 ± 0.02 
          0.5 mg mL-1 PDL(+)* 0.86 ± 0.02 0.79 ± 0.01 0.72 ± 0.03 
          5.0 x 10-3 M MB(+)† 0.89 ± 0.01 0.90 ± 0.01 0.90 ± 0.01 
Anionic:    
          0.5 mg mL-1 PLA(-)* 0.91 ± 0.01 X 0.086 ± 0.01 
* Indicates samples illuminated with the additional charged species present.                                                            
† Indicates samples incubated in the additional charged species for 15 min, then washed 
and illuminated in HEPES buffer. X indicates no data for this condition. 

Table 3.5: Tuning the light-induced response of oppositely charged protein hydrogels. 
The effects of free radical quenchers and various cationic and anionic 
species on the light-induced response were examined using reduced-charge 
hydrogels. All A/A0 values represent the mean of N ≥ 4, with the error given 
as one standard deviation. 

This comprehensive table (Table 3.5) confirms that, as expected, the presence of 

free radical quenchers have no effect on reduced-charge hydrogels (MB(+)/BSA(-) and   
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RB(-)/Av(+)). As demonstrated in Figures 3.8 and 3.9, Table 3.5, perturbing the charge 

environment using a range of cationic and anionic species (polyamino acids, proteins, and 

dyes) caused the hydrogels with reduced charge to undergo volume contraction and 

expansion, respectively, when illuminated with visible light. Additionally, when 

MB(+)/BSA(-) hydrogels were illuminated at pH 3.4, where both MB(+) and BSA(+, pH 3.4) are 

positively charged, a light-induced contraction was observed, as the positive charge trend 

would predict. Although both incubating and illuminating in charged species provide the 

ability to tune the light-induced expansion and contraction of these materials, irradiating 

the reduced-charge hydrogel test structures in the reagent used for the charge perturbation 

has a greater impact on the photoresponse.   

3.3.10 Light-Responsive Protein Hydrogels as Functional Biological Interfaces to 
Study Bacterial Group Behaviors 

As discussed in Chapters 1 and 2, and in further detail in Chapter 4, bacteria are 

social organisms that use an intercellular communication process called quorum sensing 

(QS) to organize group behaviors that can enhance the virulence of a population [87-94].   

Studying large populations can provide answers to important questions about the signals, 

genes, and mechanistic pathways involved in QS. Small groups of 101 – 105 cells are 

generally considered to be one of the prevailing modes of transmission for some 

clinically relevant pathogens, including Staphylococcus aureus and P. aeruginosa [94-

98]. Previous studies in the Shear Group have used protein-based MPL to create 3D 

microstructures with submicron features to interact with bacterial populations [7, 42-45, 

99]. The ability to manipulate small groups of cells in this manner provides a method to 

control the population density in the in vitro environment to probe basic questions about 

how and when bacteria use QS [42, 100-105].  

Chapter 2 demonstrated the use of temperature as a stimulus to expand and 

contract photocrosslinked BSA(-) and Av(+) to trap and release motile P. aeruginosa cells. 

Expansion and contraction were achieved at different temperatures by changing the 
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optical axis step size, to tune the crosslink density, and by using two separate protein 

materials (RB(-)/BSA(-) and MB(+)/Av(+)). Since temperature can affect the growth rate of 

the cells, there may be instances where it is desirable to maintain a constant temperature 

throughout the duration of the experiment. Accordingly, the photoresponsive properties 

of protein-based hydrogel materials could provide a complementary method to control 

cellular populations in vitro. However, photosensitizers generate free radical species, 

such as 1O2, when irradiated, which can be lethal to bacteria by causing oxidative damage 

to important cellular components, including enzymes, lipids, and membranes [106]. 

Therefore, it was necessary to confirm that the photo-induced volume changes could be 

used in the presence of bacteria without damaging effects. In this initial experiment to 

determine cell viability after a photo-induced volume expansion, square-shaped 

microchambers were created using BSA(-) with 8.5 mM RB(-) (Figure 3.10).  
 

 

Figure 3.10: Light-induced volume response in the presence of bacteria. Microchambers 
were made from BSA(-) and 8.5 mM RB(-) using an optical axis step size 
between layers of 0.30 μm for the walls and roof and 0.50-μm for the region 
immediately surrounding the entrance aperture (see red-shaded area with the 
dotted line in the left image). Prior to illumination, the entrance aperture 
remained open for motile P. aeruginosa cells to swim into the structure (left, 
“Inoculation”). After several cells entered the microchamber, the sample 
was irradiated with for 15 min, causing the entrance aperture to expand and 
close, trapping the cells (middle left, “Post Illumination”). The confined 
bacteria were incubated at 37°C and divided a normal rate to fill the 
chamber to a high density in an ~8 h period (middle right, “t = 280 min.”; 
and right, “t = 460 min.”). The cells in the structure are false-colored green 
for visualization. Scale bar, 10 μm.  
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For this study, the entrance aperture was fabricated using a lower crosslink 

density than the walls and roof to localize the region of high photo-induced expansion to 

the entrance aperture by employing two different optical axis step sizes between 

fabrication layers (Figure 3.10). Following fabrication, P. aeruginosa cells were 

introduced to the sample well in TSB. The entrance aperture remained open, allowing 

motile cells to swim freely between the microchamber and the surrounding environment. 

Once several bacteria were observed in the BSA(-) microstructure, the sample was 

illuminated with visible light. The irradiation caused the RB(-)/BSA(-) material around the 

entrance aperture to expand, which closed the aperture generally within ~10 min, 

trapping the cells in the cavity. Post-illumination, the sample was washed using fresh 

TSB to remove un-trapped cells from the well and the sample was incubated at 37°C. The 

sample was removed every ~2 h to replace the medium with fresh TSB and image the 

bacteria within microstructures. Over an ~8-h period, the P. aeruginosa cells divided 

normally, creating a confined, dense colony within the chamber, indicating that the 

photoresponsive properties of the protein-based hydrogel materials can be exploited in 

the presence of cells to create functional biological interfaces with bacteria.  

The protein chamber used to capture cells in Figure 3.10 shows the high degree of 

spatial control offered by MPL. Here, different regions within a single microstructure are 

fabricated with distinct crosslinking densities, localizing the light-induced expansion to 

the entrance aperture. The concept of tailoring the responsive properties in spatially 

defined areas is explored further by designing structures with multiple functional portions 

that can be controlled separately. As demonstrated in Figure 3.6, the light-induced 

volume response of these materials directly depends on the absorption properties of 

photosensitizer incorporated into the protein hydrogel matrix. Therefore, by fabricating a 

microstructure with multiple photosensitizers and proteins, it should be feasible to 

individually address each component by using highly specific spectral filters during 

illumination.  
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Separate portions of a multi-component structure need to expand and contract 

independently to “catch-and-release” P. aeruginosa, or any type of motile bacteria, on 

demand. Tables 3.2 – 3.5 were used to ascertain combinations of photosensitizers, 

proteins, and charge conditions that would limit any charge-based attenuation of the 

photoresponse in a multi-step fabrication process and still permit selective control over 

the light-induced expansion and contraction. Based on the information in Tables 3.2 and 

3.3, a detailed approach for creation a catch-and-release trap was devised. A RB(-)/BSA(-) 

aperture that would expand (close) and a MB(+)/Lyso(+) aperture that would later contract 

(open) could be used to catch and then later release bacteria, respectively. However, since 

the reagents used in the two-step fabrication process could potentially inhibit the photo-

induced volume response of the material (and aperture) that is fabricated first, it was 

determined that a brief incubation in a charged species was necessary prior to adding the 

cells. A control experiment was performed to verify that the potential fabrication regime, 

where RB(-)/BSA(-) is created first, followed by MB(+)/Lyso(+) and a subsequent incubation 

in a dilute solution of RB(-), would enable both materials to respond to illumination 

through spectral filters as expected (Figure 3.11).  

An overlay of the transmittance spectra of the TRITC excitation and Texas Red 

emission filters with the absorption spectra of RB(-) and MB(+) demonstrates that the two 

photosensitizers can undergo excitation individually with only a small degree of overlap 

(Figure 3.11, plot). To verify that this fabrication scheme and these filters would allow 

selective excitation of RB(-) and MB(+), a sample was fabricated using RB(-)/BSA(-) (outer 

rectangle) followed by MB(+)/Lyso(+) (triangle), washed with HEPES buffer, incubated in 

1.0 mM RB(-) for 4 min., and returned to HEPES buffer. After the washes and incubation, 

the spatially defined RB(-)/BSA(-) and MB(+)/Lyso(+) structures were imaged through the 

TRITC excitation filter (Figure 3.11, top right) and the Texas Red emission filter    

(Figure 3.11, bottom right).  
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Figure 3.11: Spatially defined differences in light-responsive behavior. The plot on the 
left displays an overlay of the transmittance spectra of the TRITC excitation 
(green area) and Texas Red emission (red area) filters and the absorption 
spectra of 7.7 μM RB(-) (pink line) and 9.3 μM MB(+) (blue line). The panel 
on the right shows the RB(-)/BSA(-) (outer rectangle) and MB(+)/Lyso(+) 
(triangle) test structures that were fabricated in sequence. The sample was 
incubated in 1.0 mM RB(-) for a period of 4 min. following fabrication and 
then washed with HEPES buffer. The test structures were imaged through 
the TRITC excitation (top right) and Texas Red emission (bottom right) 
filters to demonstrate that the RB(-) and MB(+) absorption could be localized 
using spectrally isolated illumination conditions. Scale bar, 10 μm.  

Both the RB(-)/BSA(-) outer rectangle and the MB(+)/Lyso(+) triangle were dark in 

the image acquired through the TRITC excitation filter, indicating that both structures 

were absorbing light (not transmitted to the camera). However, since the structures were 

incubated in 1.0 mM RB(-) after fabrication, both types of structures were expected to 

absorb light in this spectral range (Figure 3.11, top right panel). In comparison, only the 

MB(+)/Lyso(+) triangle had a dark appearance when the structures were imaged though the 

Texas Red emission filter, demonstrating that the MB(+)/Lyso(+) was absorbing light, 

whereas the RB(-)/BSA(-) rectangle remained white since RB(-) does not absorb well in this 

wavelength range (Figure 3.11, bottom right panel). As discussed in Sections 3.3.5 and 

3.3.6, and shown in Tables 3.1 and 3.2, the RB(-)/BSA(-) photoresponse is attenuated by 
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MB(+). Therefore, one might expect the RB(-)/BSA(-) outer rectangle to absorb some light 

in the Texas Red emission wavelength range as a consequence of the second fabrication 

step using MB(+)/Lyso(+); yet, the RB(-)/BSA(-) rectangle remained white (Figure 3.11, 

bottom right panel). One possible explanation for this observation may be that any MB(+) 

associated with the RB(-)/BSA(-) hydrogel matrix was displaced by RB(-) during the 4-min 

incubation in 1.0 mM RB(-).   

Using the ability to independently manipulate the RB(-)/BSA(-) and MB(+)/Lyso(+) 

structures, a set of interconnected microchambers was developed to catch and then later 

release P. aeruginosa cells on demand. Because incubating MB(+)/Lyso(+) hydrogels in 

RB(-) was known to attenuate the light-induced contraction (Table 3.3), the fabrication 

parameters were tailored to provide adequate contraction of the MB(+)/Lyso(+) material 

upon illumination with the Texas Red emission filter. For the bacterial “catch-and-

release” experiment shown in Figure 3.12, the outer walls, roof, and pillars inside the 

larger chamber were fabricated using 8.5 mM RB(-) and an average laser power of           

38 mW, and the large ovals forming the aperture between the large and small chambers 

were made using Lyso(+) using 5.0 mM MB(+) and an average laser power of 43 mW. The 

higher average laser power used for MB(+)/Lyso(+) helped prevent the ovals from 

expanding during the illumination through the TRITC excitation filter (due to the 

exogenously added RB(-)), but still allowed the hydrogel to contract in response to 

irradiation under the Texas Red filter. 
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Figure 3.12: Multi-functional hydrogel microstructure to trap and release bacteria using 
spectrally isolated illumination steps. A hydrogel microstructure with two 
individual chambers and apertures was created in a two-step process where 
RB(-)/BSA(-) was used first to fabricate the walls, roof, and support posts 
(inside the larger chamber), then MB(+)/Lyso(+) was used to fabricate the 
large ovals separating the two chambers. Following fabrication, the 
structures were incubated in 1.0 mM RB(-) for 4 min. When the                    
P. aeruginosa cells were initially added, the lower, RB(-)/BSA(-) entrance 
aperture was open, allowing cells to swim into the smaller chamber (a 
volume of ~0.3 pL). Under these initial conditions, the MB(+)/Lyso(+) 
aperture was closed, which prevented any cells from entering the large    
(~4.3 pL) chamber (left panel). When the sample was exposed to light for 15 
min through the TRITC excitation filter, the RB(-)/BSA(-) expanded and the 
entrance aperture closed, trapping the cells in the smaller chamber (middle 
panel). The P. aeruginosa cells were later released into the larger chamber 
by irradiating the sample through the Texas Red emission filter for 15 min, 
which contracted the MB(+)/Lyso(+) region to the aperture between the ovals 
(right panel). The bacteria in the structure are false-colored green for 
visualization. Scale bar, 10 μm.  

In the experiment shown in Figure 3.12, when the P. aeruginosa cells were 

inoculated in TSB after fabrication, the RB(-)/BSA(-) aperture was open, while the 

MB(+)/Lyso(+) aperture remained closed. Therefore, the motile bacteria were restricted to 

the smaller (~0.3-pL), outer chamber (left panel). Once several cells entered the outer 

chamber, the structures were irradiated for 15 min through the TRITC excitation filter, 

which caused the RB(-)/BSA(-) to expand and close the entrance aperture, thereby 

capturing the bacteria (Figure 3.12, middle panel).  
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After the illumination, the sample well was washed out with TSB to remove           

un-captured cells, and the trapped bacteria in the outer chamber were incubated for ~1 h 

at 37°C, causing the population to approximately double in number. A second exposure 

to light through the Texas Red emission filter caused the MB(+)/Lyso(+) ovals to contract 

and open the aperture, permitting the cells to enter the 4.3-pL chamber (Figure 3.12, right 

panel). In this proof-of-concept demonstration, the culture volume became ~fifteen-fold 

larger when the cells were released from the inner cavity. Used together, this versatile 

fabrication strategy and these tunable materials could be used to create customized 

chambers of larger and smaller sizes to study changes in cellular behavior as a result of 

modulations in population density.  

3.4 CONCLUSION 

This chapter described the light-induced responsive properties of multiphoton-

fabricated hydrogels made from several proteins (Av(+), BSA(-), Lyso(+), and Myo(ϕ)). The 

photoresponsive properties of protein-based hydrogel materials were demonstrated to be 

highly tunable by varying the fabrication, illumination, and charge conditions. Similar to 

the temperature-induced behavior discussed in Chapter 2, the magnitude of the visible 

light-induced volume response was shown to change with the crosslink density within the 

protein matrix. The ability to tailor the photoresponsive properties of these materials in 

this manner was demonstrated using RB(-)/BSA(-) test structures while adjusting three 

experimental parameters that affect the crosslinking density: the average laser power, 

optical axis step size between layers, and slow axis scan velocity.  

By revealing that the photoresponse is spectrally dictated by the photosensitizer 

used for fabrication, and that the presence of free radical quenchers during irradiation 

inhibited the photoresponse, the results discussed Section 3.3.3 suggest that the light-

induced expansion of RB(-)/BSA(-) hydrogels is a photochemical process. Additionally, 

oppositely charged combinations of a photosensitizer and protein were unresponsive to 
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light, and protein-photosensitizer pairs resulting in a charged hydrogel exhibited a photo-

induced volume response. Illumination at pH 7.4 caused RB(-)/BSA(-) hydrogels to 

expand, while MB(+)/Av(+) and MB(+)/Lyso(+) hydrogels contracted, and RB(-)/Av(+) and 

RB(-)/Myo(ϕ) materials were unresponsive.  

 The effects of perturbing the local charge environment were characterized by 

incubating and illuminating protein hydrogels in various charged species, and                 

by adjusting the pH such that the charge of the protein and/or photosensitizer changed. 

These experiments demonstrated that the volume response of protein hydrogel materials 

prompted by exposure to visible light can be enhanced, attenuated, inhibited, and 

reversed by disturbing the electrostatic environment using charged species. Charge was 

shown to mediate the photo-induced volume response in the same manner for different 

protein-photosensitizer combinations, possibly by initiating crosslinking, de-crosslinking, 

and bond-breaking reactions in the presence of photo-generated free radical species 

during irradiation. Excess positive charge caused protein hydrogel contraction, or 

attenuated expansion, while negative charge produced expansion, or reduced contraction.  

The light-induced volume expansion of RB(-)/BSA(-) hydrogels was employed to 

trap P. aeruginosa cells within protein microstructures. The ability to tailor the 

photoresponsive properties multiphoton-fabricated materials was shown by developing a 

customized microenvironment to alter cell density within a small population of               

P. aeruginosa. In this “catch-and-release” demonstration, careful selection of the protein 

and photosensitizer components of the hydrogel structure, a charge perturbation, and 

spectral isolation of the illumination source were used in conjunction to achieve spatially 

defined differences in light-responsive behavior, which was used to change the cell 

culture volume rapidly. The tunable photoresponsive properties of MPL-fabricated 

materials provide an experimental means to create functional interfaces with bacterial 

populations to examine basic questions regarding how and when small communities of 

cells use QS to establish pathogenic behaviors. 
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Chapter 4: Studying Bacterial Social Interactions in Responsive 
Microenvironments∗ 

4.1 INTRODUCTION 

Bacteria are highly social microorganisms that use intercellular communication to 

coordinate specific behaviors as a group. Cells employ a chemical signaling process 

called quorum sensing (QS) to regulate the expression of certain genes in response to 

changes in the population density. QS signals have been shown to organize the 

transcription of genes affiliated with a myriad of clinically relevant pathogenic behaviors, 

such as biofilm formation, the production of virulence factors, and enhanced resistance to 

antibiotics [1-13]. Consequently, the social behavior of microorganisms, or 

“sociomicrobiology”, has emerged as one of the predominant research topics in 

bacteriology [1]. To date, work in this rapidly growing field has largely concentrated on 

identifying and characterizing the signaling molecules, molecular mechanisms, and genes 

associated with QS and the development of biofilms [1, 9, 14-16].  

QS occurs through the production, secretion, and recognition of diffusible signal 

molecules, often referred to as autoinducers since individual cells both generate and 

respond to their own signals in a positive feedback loop by promoting the transcription of 

genes that activate the synthesis of more of the signal molecule [4, 9, 12, 14, 16-19]. 

Many bacterial species use sophisticated signaling networks to monitor the accumulation 

of several autoinducers to mediate the expression of many different genes across the 

cellular community. For example, Pseudomonas aeruginosa, a clinically important 

opportunistic pathogen that is commonly used as a model organism to study QS in   

Gram-negative bacteria, employs a minimum of four different autoinducer signal 

molecules – two quinolones (Figure 4.1a,b) and two acyl-homoserine lactones (HSLs; 

                                                
∗ Adapted from Connell, J.L., et al., Probing prokaryotic social behaviors with bacterial "lobster traps". 
Mbio, 2010. 1(4): p. e00202-e00212. 
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Figure 4.1c,d) – to control the expression of ~5% of all its genes through QS-dependent 

social interactions [11, 19-23]. 

 

 

Figure 4.1: Structures of the principal QS autoinducer signal molecules used by 
Pseudomonas aeruginosa. (a) 4-quinolones: (1) 2-heptyl-3-hydroxy-4(1H)-
quinolone (PQS); (2) 2-heptyl-4(1H)-quinolone (HHQ). (b) acyl-
homoserine lactones: (3) N-butanoyl-L-homoserine lactone (C4HSL); (4) N-
(3-oxo-dodecanoyl)-L-homoserine lactone (3OC12HSL). 

Flask- and plate-based in vitro experiments have supplied crucial information 

about the vast array of signaling molecules and genes involved in complex QS pathways. 

Although bulk culture techniques are appropriate for mechanistic studies and examining 

the group behaviors of large populations of bacteria ( > 108 cells), these methods are not 

capable of discerning how phenotypic gene expression is mediated by intercellular 

signaling within small, dense communities – similar to the localized aggregates 

frequently found in natural environments consisting of several thousand cells or fewer [4, 

21, 23-26]. Additionally, some clinically significant pathogens, including Vibrio 

cholerae, Staphylococcus aureus, and P. aeruginosa, are postulated to use small 

communities of 101 – 105 cells as a prevalent mode of transmission to establish infections 

[4, 24-31]. Therefore, the ability to culture bacteria in spatially-isolated 

microenvironments with defined physical and chemical conditions could facilitate 
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experiments that give a better understanding of how and when cells sense chemical 

signals in physiologically relevant population sizes [1, 9, 13-16, 32, 33].  

Recently, strategies have emerged to enclose small populations of bacteria within 

low volumes (nL – pL), using lipid-silica nanostructures [34-36] and microfluidic 

droplets of ~100 fL [37-39]. These approaches have demonstrated that QS can occur 

within small, confined groups of cells; however, these techniques are not well-suited for 

investigating bacterial social interactions in a physiologically relevant context since the 

environmental conditions in the confinement volume do not support cellular growth at a 

normal rate. Microfluidic chemostats typically permit normal division and are capable of 

localizing small numbers of bacteria, but the cells are generally pushed out of the 

confined system as the population continues to grow, which can impose limitations on 

monitoring the long-term response of a bacterial community [31, 40-44]. Moreover, these 

systems offer very little control to modify the three-dimensional (3D) geometry of the 

confinement volume. 

Multiphoton lithography (MPL) is a flexible technology that has been used to 

fabricate protein-based hydrogels with defined submicron features capable of trapping, 

incubating, and organizing small groups of bacteria [33, 45-49]. This chapter describes 

how the thermoresponsive properties of the multiphoton-fabricated hydrogels 

characterized in Chapter 2 allow these materials to form functional interfaces with 

biological systems by using temperature to induce a mechanical actuation to capture and 

manipulate small bacterial populations. In the studies presented in this chapter, 

microchambers fabricated from bovine serum albumin (BSA) are shown to support 

normal cell growth up to high densities (1012 cells mL-1) and be permeable to biologically 

relevant small molecules, including a P. aeruginosa QS autoinducer (3OC12HSL) and a 

fluorescent derivative of gentamicin, an aminoglycoside antibiotic.  

The thermoresponsive properties of photocrosslinked BSA are used to alter the 

customized microenvironments post-fabrication in the presence of cells. These studies 
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explore the onset of two important social behaviors that allow bacteria to adapt to their 

environment and cause infection, QS and population-dependent antibiotic resistance, in 

high-density/low-cell-number populations of P. aeruginosa. Three fundamental 

hypotheses for how and when bacteria sense chemical signals are evaluated by 

systematically varying environmental factors thought to be critical to QS [16, 18]. This 

versatile approach, that offers precise control over the cell density, mass transport of QS 

signal molecules, and the 3D spatial distribution of bacterial communities, presents the 

experimental means to address fundamental questions in sociomicrobiology [33].  

4.2 EXPERIMENTAL METHODS 

4.2.1 Reagents 

Rose Bengal (330000), methylene blue (M-4159), potassium ferricyanide 

(702587), and gentamicin sulfate salt (G1264) were purchased from Sigma-Aldrich      

(St. Louis, MO). Bovine serum albumin (BAH64-0100) was acquired from Equitech-Bio 

(Kerrville, TX). HEPES sodium salt (AC21500-1000) and fluorescein (11924100) were 

obtained from Acros Organics (Geel, Belgium). Sodium chloride (S271-3) and sodium 

bicarbonate (S233500) were purchased from Fisher Scientific (Fairlawn, NJ). Tryptic soy 

broth (1010717) and carbenicillin disodium salt (BP2468-1), were obtained from MP 

Biomedicals (Solon, OH) and Fisher BioReagents (Fairlawn, NJ), respectively. The       

6-(fluorescein-5-carboxamido)hexanoic acid, succinimidyl ester (81009) used to prepare 

the fluorescein-gentamicin conjugate was acquired from Anaspec (San Jose, CA). A 

Live/Dead BacLight bacterial viability kit (L1352), purchased from Invitrogen (Carlsbad, 

CA), was used to determine gentamicin susceptibility. Glutaraldehyde (18426), osmium 

tetroxide (18459), and uranyl acetate (19481), used in preparing samples for electron 

microscopy, were obtained from Ted Pella, Inc. (Redding, CA). All reagents were stored 

according to the supplier’s instructions and used as received without further purification.  



 127 

4.2.2 Protein Microstructure Fabrication 

Protein microstructures were fabricated using the dynamic mask-directed MPL 

technique discussed in Chapters 1 and 2, and previously described elsewhere [45, 48-50]. 

Here, the output of a mode-locked titanium:sapphire (Ti:S) laser (Tsunami; Spectra 

Physics) tuned to 740 nm was aligned into a confocal scan box (BioRad MRC600), and 

raster-scanned across the face of an electronic reflectance mask – a digital micromirror 

device (DMD) – obtained from a dismantled business projector (MP510, BenQ). The 

reflected laser beam was expanded and collimated to overfill the back aperture of an oil 

immersion objective (Zeiss 100X Fluar, 1.3 NA) placed on an inverted microscope 

system (Zeiss Axiovert). 3D microstructures were made in a layer-by-layer process by 

translating the fabrication voxel in the optical (z) axis in 0.50-μm steps between 

horizontal planes using a motorized focus driver (H122, Prior Scientific).  

Bacterial microchambers were fabricated on No. 1 coverglass within a single-pass 

flow cell system [3] using a solution of 400 mg mL-1 BSA prepared in a 20 mM HEPES 

buffer (pH 7.4, 0.10 M NaCl) containing 8.5 mM Rose Bengal (RB) as a photosensitizer 

using an average laser power between 50 – 60 mW (measured at the back aperture of the 

objective). Following fabrication, the flow cell channel was washed out using ~40 mL of 

the same HEPES buffer used to make the RB/BSA solution. Samples for transmission 

electron microscopy were prepared on an ACLAR® film (Ted Pella, Inc; Redding, CA) 

using an inverted fabrication approach (i.e., beginning at the surface of the film and 

moving deeper into solution for each subsequent layer) to avoid focusing the laser beam 

through the film.  

The walls each microchamber were 4.50 μm thick and the roof was fabricated to 

have a nominal thickness of 1.50 μm. However, because the dimensions of the fabrication 

voxel are elongated in the optical axis, the roof thickness extended up to ~3 μm. To 

evaluate the diffusion of the fluorescein-gentamicin conjugate through a sheath of 

bacteria, a two-layered microstructure was created with an empty inner chamber inside of 
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a larger cavity that could fill with cells around the four walls and roof of the nested, inner 

chamber (Figure 4.6). These structures were designed to have a 4.50-μm shell between 

each of the four sides and the top of the nested sub-chamber and the outer structure. A 

2.00 x 2.00 x 4.50 μm (length x width x nominal height) support pillar was fabricated at 

each corner of the inner chamber between the interior roof and the outer structure to 

prevent the exterior roof from collapsing.  

4.2.3 Electron Microscopy Preparation 

Protein microstructures were fixed in 5% glutaraldehyde for 15 min and 

dehydrated for imaging with a scanning electron microscope (SEM) using a series of 

sequential 15-min immersions in the following solutions: 20 mM HEPES (pH 7.4,         

0.1 M NaCl), deionized H2O, 50% ethanol (EtOH)/deionized H2O (by volume), EtOH, 

50% EtOH/methanol (MeOH), and MeOH (twice). Following the final wash in MeOH, 

the samples were placed in a desiccator, air-dried overnight, and then sputter-coated with 

Pd/Pt to a nominal thickness of 12 nm immediately prior to imaging using a Supra 40VP 

scanning electron microscope (Zeiss). 

Prior to preparing samples for imaging using a transmission electron microscope 

(TEM), the microstructures were fixed by soaking in 5% glutaraldehyde overnight at 

4°C. After fixation, the samples were washed in HEPES buffer, incubated for 1 h, and 

washed in HEPES buffer again. The BSA structures were then fixed a second time, 

stained, dehydrated, and embedded in an epoxy resin (PELCO® Eponate 12™, Ted Pella; 

Redding, CA) using a PELCO® BioWave microwave at 60°C. First, the samples were 

treated in 1:1 mixture of 2% osmium tetroxide and 2% potassium ferricyanide 

(weight/volume) prepared in HEPES buffer, and then placed in the microwave for two 

complete cycles of 2 min on/2 min off/2 min on of exposure to 100 W (for a total 

exposure time of 6 min out of the 12 min fixation period). Next, the microstructures were 

washed vigorously using deionized H2O, and then stained in a filtered solution of      
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0.5% uranyl acetate (weight/volume in deionized H2O) in the microwave for one cycle of 

2 min on/2min off/2 min on at 100 W.  

Next, the samples were washed thoroughly using deionized water and soaked in a 

2% solution (weight/volume in deionized H2O) of methylene blue for 90 min to provide 

additional contrast. The methylene blue solution was removed by washing in deionized 

H2O, and the samples were dehydrated using sequential 40 s exposures to 250 W in the 

microwave in the following solutions: 50%, 70%, 95%, 95% EtOH/deionized H2O, and 

then acetone (twice). The epoxy resin was infiltrated into the protein structures using a 

total of three cycles of the 250 W setting for 5 min in the microwave immersed in        

50% acetone/resin, 50% acetone/resin, and 100% resin. The samples were then left in an 

oven at 60°C for ~48 h to embed the BSA microstructures fully in the resin. The 

ACLAR® was removed from the resin block. Then, the resin-embedded samples were 

glued to a Lucite mounting cylinder and sliced into thin sections (60 – 70 nm) using a 

Leica Ultramicrotime. The individual sections were mounted on Formvar-coated            

Cu mesh TEM grids for imaging with an FEI Tecnai TEM.  

4.2.4 Bacterial Strains, Plasmids, and Culture Conditions 

P. aeruginosa PA01 carrying the rsaL-gfp transcriptional reporter plasmid pGJB5 

was used in all QS experiments, and P. aeruginosa PA01 constitutively expressing gfp 

from the plasmid pMRP9-1 was used in the antibiotic resistance studies [3]. Planktonic 

cultures were grown aerobically overnight in tryptic soy broth (TSB) containing 

antibiotic for plasmid selection (gentamicin [100 μg mL-1] for QS; or carbenicillin       

[300 μg mL-1] for antibiotic resistance) or plasmid maintenance (gentamicin [10 μg mL-1] 

for QS). One-third strength TSB was used in the flow cell for all QS, antibiotic resistance 

and diffusion experiments. 
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4.2.5 Flow Cell Setup, Inoculation, and Growth Conditions 

A single-pass continuous culture flow cell system was used as previously 

described with several alterations [3]. An inoculation inlet was added to each tube        

~25 mm before the flow cell using a T-connector and a small piece of tubing in 

combination with a Luer-Lok connector and cap. The tubing for each channel of the flow 

cell was cut ~20 cm downstream of the bubble trap to incorporate a male or female     

Luer-Lok connector and cap on each respective piece. This separated the system into two 

parts that could remain sterile on the own (when capped) – one consisting of the media 

reservoir and bubble trap, and the other of the flow cell and waste flask.  

Prior to inoculation, a mid-exponential-phase P. aeruginosa culture was diluted in 

TSB to an optical density at 600 nm (OD600) of 0.01, vortexed for 2 min, and then a 2-mL 

aliquot was plated on a Petri dish for 2 min. These measures were used to reduce the 

bacterial attachment in the flow cell chamber outside of the protein microstructures by 

sheering the pili from the cells and allowing any highly adherent bacteria to attach to the 

plate. The culture solution from the Petri dish was loaded into a Luer-Lok syringe and 

introduced into a flow cell channel with ~40 – 60 BSA microtraps via the inoculation 

inlet. The motile P. aeruginosa were given 10 – 15 min to swim into the BSA 

microchambers through the ~1-μm entrance aperture under static conditions at room 

temperature (18 – 22°C). After visual confirmation that several structures contained cells, 

the temperature was increased by flowing one-third-strength TSB heated to 37°C through 

the channel using a peristaltic pump (Watson-Marlow). The heated flow caused the 

photocrosslinked BSA to undergo a thermal-induced volume expansion sufficient to close 

the aperture and trap the cells.  

The temperature of the TSB was raised 37°C prior to reaching the flow cell using 

one of two practices: (a) placing the silicon tubing on Briskheat flexible electric heating 

tape (Barnstead/Thermolyne, Thermo Fisher Scientific, Inc.; Waltham, MA) powered by 

a variable transformer (Variac, ISE, Inc.; Cleveland, OH), which was calibrated to 
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maintain the fabrication region of the flow cell at 37°C at various flow rates; or              

(b) situating the whole flow cell system and the peristaltic pump within a microscope 

incubator (In Vivo Scientific, St. Louis, MO) operating at 37°C. After 5 min of heated 

flow using either method, the flow cell was physically agitated for ~30 s and the flow rate 

was increased to 6 mL min-1 for 1 min to decrease bacterial attachment on the coverglass 

outside of the protein microstructures. 

4.2.6 Diffusion Measurements 

The fluorescein-gentamicin conjugate was synthesized by reacting                       

6-(fluorescein-5-carboxamido)hexanoic acid, succinimidyl ester with a five-fold molar 

excess of gentamicin sulfate salt for 2 h in a 0.2 M sodium bicarbonate buffer adjusted to 

pH 9. The fluorescein-gentamicin conjugate was confirmed by mass spectrometry. 

For the diffusion experiments shown in Section 4.3.2, the fluorescein-gentamicin 

conjugate was introduced into the flow stream through the T-connector of the inoculation 

inlet. The one-third-strength TSB and fluorescent molecule were driven through the 

channel at a flow rate of 500 μL min-1. The diffusion of the fluorescent molecule into the 

BSA microchambers was quantified by collecting a series of 2-photon point 

measurements using a Ti:S laser operating at 780 nm split into two separate probe beams 

equally matched in power (10 mW) at the back aperture of the microscope objective. One 

probe beam was positioned in front of the protein structure (relative to the direction of 

flow), while the other was inside a vacant microchamber. Both beams were used 

concurrently to monitor the fluorescence at the two positions. The emission from the      

2-photon-excited fluorescence was gathered by a 100X, 1.3-NA objective (Zeiss, Fluar), 

passed through a dichroic mirror and a BG-39 filter (Chroma, Rockingham, VT), and 

detected by a 12-bit, 1392 x 1040 element charge-coupled-device (CCD) camera      

(Cool Snap HQ, Photometrics; Tucson, AZ). MetaMorph software (Universal Imaging, 

Sunnyvale, CA) was used to acquire a time series of the fluorescence signal for each 
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experiment. The diffusion data was analyzed later using ImageJ (National Institutes of 

Health, Bethesda, MD). A normalized diffusion curve for each beam position was created 

by subtracting the background signal from the fluorescence intensity, and then calculating 

the ratio of the intensity at every time point relative to the maximum intensity value 

observed for that spot over the course of the time series. The time required for the 

fluorescein-gentamicin conjugate to reach half of the equilibrium concentration in the 

inner chamber (t1/2) was determined by plotting the ratio of the normalized intensity 

values for the beam positioned inside the vacant chamber to the spot in front of the 

microstructure. 

4.2.7 Imaging and Analysis of QS Reporter Fluorescence in BSA Microstructures 

Differential interference contrast (DIC) images of the P. aeruginosa in the BSA 

microtraps were acquired periodically throughout the first 5 – 6 h of experiments using 

MetaMorph, the Cool Snap HQ CCD camera and the 100X, 1.3-NA objective. The 

generation time (G time) was determined by directly counting the number of cells in each 

chamber from the DIC images over ~six doubling periods. Scanning laser confocal 

microscopy was used to image the QS-induced expression of green fluorescent protein 

(GFP) in spatially confined populations of P. aeruginosa under both low- (5 μL min-1) 

and high-flow rates (250 μL min-1) at ambient temperature. For low-flow conditions, the 

flow rate was set to 250 μL min-1 for the initial 5 h after inoculation, and then reduced to 

5 μL min-1 prior to the cells filling the microstructure to near-capacity. In all QS studies, 

the flow cell was removed from the heat source (the heating tape or the microscope 

incubator) ~6 h after inoculation, and moved to the confocal microscope with the flow 

arrested during transport (~10 min). Flow was resumed once the experiment was set up 

on the confocal microscope.  

A Leica SP2 acousto-optic beam splitter (AOBS) confocal microscope (Leica 

Microsystems, Germany), equipped with a 63X, 1.4-NA objective, was used to acquire 



 133 

transmitted light and fluorescence images of the P. aeruginosa in the BSA microtraps as 

a z-scan series. The confocal microscope’s argon ion (488-nm line) and helium-neon 

(HeNe; 594-nm line) lasers were used to excite fluorescence in the green and red 

channels, respectively. Since the RB/BSA structures fluoresce over a broad wavelength 

range, the red channel was used in addition to the green channel to provide better contrast 

between the microchambers and the GFP produced by the cells. The photomultiplier tube 

(PMT) for the green detection channel collected emission from 498 – 533 nm, while the 

red-channel PMT detected emission from 604 – 648 nm. 

The height and total number of GFP-positive voxels for each BSA microstructure 

filled with bacteria were calculated using Imaris 5.7.0 software (Bitplane AG, 

Switzerland) from the red- and green-channel image stacks produced by the confocal      

z-scan. The Isosurface mode of the Surpass View module in Imaris was used to construct 

isosurfaces of the red and green channels independently. The threshold was determined 

manually for each red channel isosurface. The nominal volumes of the microtrap 

geometries, shown in Figure 4.3, were determined from confocal scans of the different 

structures filled with cells. The cell capacity for each geometry (shown in Figure 4.3) was 

calculated by dividing the nominal volume of the protein microstructure by the 

approximate volume of a P. aeruginosa cell, which was assumed to be the volume of a 

cylinder measuring 1.5 μm x 0.75 μm (length x width). 

The RB/BSA structures emit fluorescence in both channels; therefore, it was 

possible to create a modified green-channel isosurface that represented the GFP-

expressing P. aeruginosa cells alone for each trap by using the red-channel isosurface to 

remove the BSA trap from the green-channel isosurface. The modified green-channel 

isosurfaces were used to calculate the total number of GFP-positive voxels within each 

chamber filled with cells. Microstructures filled with non-GFP-positive cells were 

analyzed in the same manner to establish the background signal contributed by the 

protein material in the modified green-channel isosurface. These control studies 
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demonstrated that the green-channel background in the BSA traps was ~2 digitization 

units (using an 8-bit scale). Accordingly, any voxel in the modified green-channel 

isosurface with an intensity value ≥ 4 digitization units was considered to be               

GFP-positive.  

4.2.8 Antibiotic Resistance Experiments 

For the studies examining the susceptibility of P. aeruginosa to gentamicin, 

confined cells were grown at 37°C in one-third-strength TSB flowing at 250 μL min-1 for 

either 5.5 h or 3.5 h, in high- and low-density experiments, respectively. The high-density 

and low-density bacteria within the BSA microcavities were dosed for 2 h with the 

minimum inhibitory concentration (MIC) of gentamicin (1.6 μg mL-1), diluted into      

one-third-strength TSB, using the same heated flow conditions. Additional control 

experiments were performed where microstructures containing high-density colonies 

were dosed using growth media containing either no antibiotic or 100x the MIC. The 

susceptibility of the high- and low-density P. aeruginosa populations to gentamicin was 

determined by staining the cells with the Live/Dead BacLight bacterial viability kit. The 

stain solution was prepared from the kit in a 5-mL aliquot of 50% TSB/50% deionized 

H2O, and consisted of a mixture of SYTO 9, which stains live cells green, and propidium 

iodide, which stains dead cells red. After the 2-h gentamicin dose, the Live/Dead stain 

was introduced into the flow channel by syringe through the inoculation inlet. The tubing 

was clamped off, arresting the flow, and the cells were incubated in the stain for 30 min 

under static conditions.  

At the conclusion of the staining period, the cells in the BSA structures were 

imaged in the green and red channels using widefield fluorescence followed by confocal 

microscopy. In the high-density studies, the number of red cells in each microstructure 

was counted from the widefield images, and the percentage of dead bacteria was 

determined by dividing the total number of cells in the microtrap when the        



 135 

gentamicin-dosing period began (calculated based on the G time observed for that 

particular structure) by the number of dead cells. The number of red cells and the 

percentage of dead bacteria in the high-density microtraps after a 2-h dose with 

gentamicin determined from the widefield fluorescence images were later confirmed for a 

subset of replicates by counting the total number of red and green cells in 3D confocal 

reconstructions. For the low-density experiments, the number of red and green cells was 

directly counted from a 3D confocal reconstruction of each BSA microstructure, and the 

ratio of the two was designated as the percentage of dead bacteria.   

4.3 RESULTS AND DISCUSSION 

4.3.1 Fabrication of Responsive Bacterial Microenvironments 

The work presented in this chapter directly applies the thermoresponsive 

properties of photocrosslinked BSA presented in Chapter 2 in situ to enclose                   

P. aeruginosa cells within protein microchambers to investigate the onset of two 

important social behaviors, QS and population-dependent antibiotic resistance. For these 

studies, P. aeruginosa cells were inoculated into a flow cell at room temperature           

(18 – 22°C) containing 40 – 60 BSA microtraps, each with a funneled entrance aperture 

~1 μm in diameter (at the most narrow point), which permitted the motile cells to enter 

the structure (Figure 4.2a). After bacteria were observed inside several structures, the 

temperature was raised to 37°C, which prompted the photocrosslinked protein material to 

undergo a thermal-induced volume expansion, closing the entrance aperture and trapping 

the cell(s) within the chamber. 

As demonstrated by the cell growth at 2 and 7 h (Figure 4.2a, middle and right 

panels, respectively), the irreversible volume response triggered by increasing the 

temperature to 37°C used to seal the entrance aperture of the microcavity did not harm 

the P. aeruginosa. Moreover, the thermoresponsive properties of multiphoton-fabricated 

BSA provide dynamic control over the culture microenvironment, as the thermal-induced 
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volume expansion can be initiated on demand after inoculation. In these studies, the        

P. aeruginosa loading time was limited to 10 – 15 min prior to commencing the heated 

flow. After the brief filling period, the majority of the microcavities either remained 

vacant (~80%) or had confined one cell. Consequently, most of the high-density colonies 

observed in the microtraps after 7 h of growth were clonal populations (Figure 4.2a, right 

image; and Figure 4.2b, SEM images). 
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Figure 4.2: Thermoresponsive protein microstructures for confining and culturing 
bacteria. (a) The sequence of differential interference contrast (DIC) images 
documents the trapping and growth of a P. aeruginosa cell over a 7-h 
period. The motile bacterium entered the bovine serum albumin (BSA) 
chamber at 20°C (left panel, “Inoculation, ~20°C”). After the temperature 
was raised to 37°C, the entrance aperture closed as a result of the protein 
material irreversibly expanding, confining the cell within the microcavity. 
The P. aeruginosa grew normally, eventually filling the microtrap with an 
isolated population of cells (middle panel, “t = 2 h, 37°C”; and right panel, 
“t = 7 h, 37°C”). (b) Scanning electron microscope (SEM) images of square- 
and heart-shaped 3D chambers filled with small populations of                    
P. aeruginosa (top and bottom panels, respectively). The tear in the roof of 
each structure occurred during the SEM sample preparation. Scale bars:      
a, 10 μm; b, 5 μm (both). 
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Two microstructure geometries, square- and heart-shaped, were designed with 

internal volumes varying between 1.7-pL – 5.6-pL. Monitoring the P. aeruginosa 

division over ~six generations using direct cell counting revealed that each 

microstructure geometry supported bacterial growth at a normal physiologic rate      

(Figure 4.3b). The mean G time (46 ± 7 min) of the confined P. aeruginosa at 37°C in 

one-third-strength TSB under varying flow conditions (5 – 250 μL min-1) was equivalent 

to the growth rate reported for cells grown in flasks (40 min) [51] and the rat peritoneum 

(50 min) [51], and reasonably comparable to the in situ division time observed in the 

human lung (100 min) [52] (Figure 4.3a). In addition, the mean G time was 

indistinguishable for each microstructure geometry (Figure 4.3b) and flow rate examined 

(data not shown). 
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Figure 4.3: Multiphoton-fabricated protein microstructures facilitate bacterial growth at 
a normal rate. (a) P. aeruginosa growth was monitored over ~six 
generations within BSA microstructures at 37°C, and the confined cells 
doubled at a normal rate (46 ± 7 min). (b) DIC images of the three microtrap 
geometries used in the work presented in this chapter with the relevant 
figures of merit (volume, cell capacity, and generation time [G time]) listed 
below each geometry. The 5.6-pL geometry has five pillars to support the 
roof (right). The error represents one standard deviation, where N ≥ 9 for 
each geometry shown. Scale bar, 10 μm. 

The cells reproducibly doubled and filled the microtraps with high-density 

colonies within 6 – 10 h (Figures 4.2 – 3), and typically continued to grow, causing the 

flexible roof to bulge above structure. The growth rates observed in Figure 4.3 imply that 
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the photocrosslinked protein material is porous and allows small nutrient and waste 

molecules to diffuse through the microchamber walls and roof. Furthermore, the ability to 

monitor the growth characteristics of individual cells and small populations in real-time 

supplies a suitable culture platform for revealing and studying cell-to-cell heterogeneity 

in metabolism or how cells respond to stress.  

4.3.2 Diffusion Characteristics of Small Molecules into Protein Microstructures 

The growth kinetics displayed by P. aeruginosa confined in BSA cavities indicate 

that the solid BSA matrix is permeable to nutrients and cellular waste products and that 

the bacteria undergo normal metabolic processes in the enclosed microenvironments. The 

porosity of the thermally-expanded photocrosslinked BSA material was examined in 

greater detail using transmission electron microscopy (Figure 4.4). 



 141 

 

 

Figure 4.4: Transmission electron microscope (TEM) images of a thin section of a BSA 
microstructure demonstrate the porosity of the solid protein material.         
(a) A TEM image of a 60-70 nm-thick axial slice of a BSA microstructure 
heated to 37°C reveals that the photocrosslinked protein matrix is highly 
porous. (b) An enlarged view of the section shows that the pore size and 
distribution vary throughout the protein matrix. (c) A high-magnification 
TEM image demonstrates that the pore size in this structure ranged from 
~40 nm to ~150 nm. TEM images were acquired by Dwight Romanovicz. 
Scale bars: a, 5 μm; b, 500 nm, c, 200 nm.  

The TEM images shown in Figure 4.4 verify that the thermally expanded 

photocrosslinked BSA matrix is porous. Moreover, the TEM images illustrate a non-

uniform distribution of pore sizes across the protein material, which varied from ~40 nm 

to ~150 nm for this particular thin section and microstructure (Figure 4.4c). Because of 

the wide range of pore sizes and locations in the BSA material, it is likely that that the 

multilayer protein matrix is composed of a permeable mesh with indirect pathways for 

small molecules to diffuse into the microstructure, rather than pore channels with an 

uninterrupted trajectory. These observations are consistent with published TEM images 

by Basu et al. studying the diffusion of dyes in photocrosslinked BSA matrices [53]. 

The G time of P. aeruginosa in the BSA microstructures and the porosity revealed 

by the TEM images suggests that small molecules can penetrate the photocrosslinked 

BSA matrix. However, it was critical to gain a basic understanding of the diffusion 

characteristics of other biologically important small molecules, such as antibiotics and 

autoinducer signals, prior to evaluating how environmental conditions impact the social 
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interactions of confined bacterial populations. The transport properties of gentamicin, an 

aminoglycoside antibiotic, were investigated using a fluorescent derivative of the 

antibiotic (the chemical structure of the conjugate is shown in the top right corner of 

Figure 4.5) that was prepared by conjugating fluorescein to gentamicin.  

The diffusion of the fluorescein-gentamicin conjugate through the BSA walls and 

roof was monitored by collecting a series of 2-photon-excited fluorescence point 

measurements with two separate probe beams – one aligned inside a vacant cavity and 

the other in front of the microstructure (relative to the direction of flow). For these 

experiments, the fluorescent molecule was introduced to the media flow stream at the 

inoculation inlet of the flow cell. The time required for the fluorescein-gentamicin 

conjugate to reach half of its equilibrium concentration (t1/2) was determined in the center 

of an empty, thermally-expanded BSA microstructure with a sealed aperture facing the 

direction of flow or facing the outlet of the flow cell, and for an open-aperture facing the 

direction of flow (Figure 4.5). It was expected that the open trap would permit the fastest 

diffusion, followed by the expanded structure facing flow.  
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Figure 4.5: Permeability of multiphoton-fabricated BSA microtraps to biologically 
relevant small molecules. The diffusion of the fluorescein-gentamicin 
conjugate (structure shown at the top right corner of the plot) was monitored 
using a pair of probe beams – with one spot positioned within a vacant BSA 
trap and the other in front of the microstructure to collect a time-series of          
2-photon point measurements. The time required for the fluorescein-
gentamicin conjugate to reach half of its equilibrium concentration in the 
empty microcavity, t1/2, was examined at a 500 μL min-1 flow rate for 
thermally-expanded BSA traps with the closed entrance aperture oriented 
facing the direction of flow (red bar and outlined image; left), facing the 
outlet of the flow cell (blue bar and outlined image; middle), and for traps 
with an open aperture facing flow (green bar and outlined image; right). 
Error bars represent one standard deviation (N ≥ 8). Scale bar, 10 μm.  
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  The t1/2 results for the fluorescein-gentamicin conjugate measured for each trap 

orientation relative to the direction of flow exhibited the predicted trend – where the 

structure with the open aperture facing flow had the lowest t1/2, followed by the thermally 

expanded trap facing the direction of flow, and the longest t1/2 was observed for the 

structure with the thermally-closed aperture facing the outlet of the flow cell (Figure 4.5). 

The studies shown in Figure 4.5 confirm that the fluorescein-gentamicin conjugate 

readily transports across the microstructure walls and roof.  

High-density populations of bacteria are often surrounded by an extracellular 

polymeric substance (EPS) composed of proteins and sugars secreted by the cells [8]. 

Therefore, it was necessary to verify that the antibiotic also would also diffuse into the 

center of the microchamber through a layer of densely packed cells possibly encased in 

EPS. To measure the diffusion of the fluorescein-gentamicin conjugate through the 

crosslinked protein and a dense layer of cells, microstructures were fabricated with a 

vacant inner chamber nested inside a larger cavity, which could later fill with cells 

around the four walls and roof of the inner chamber (Figure 4.6).  
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Figure 4.6: Diffusion of fluorescein-conjugated gentamicin into a vacant chamber 
through a BSA microtrap filled with P. aeruginosa. (a) A 3D volume 
reconstruction of the mask sequence used to fabricate this two-layer 
microstructure with green cells added to demonstrate that the inner chamber 
of this design was surrounded by a sheath of cells on all sides except for the 
glass floor. (b) The fluorescein-gentamicin conjugate reached half of the 
equilibrium concentration in the inner chamber through the densely-packed 
shell of P. aeruginosa within 5.6 s (right panel), a t1/2 ~20% longer than the 
t1/2 observed for the control structure with no cells present (left panel). The 
error is given as one standard deviation (N ≥ 5). Scale bar, 10 μm.  

The results of the experiments measuring the transport of the fluorescein-

gentamicin conjugate into the nested microchamber through a dense layer of cells show 

that the cells present a slight diffusion barrier – increasing the t1/2 by ~20% (5.6 ± 0.6 s) in 

comparison to the control structure with no cells (4.3 ± 0.3 s) (Figure 4.6b; right and left 

panels, respectively). However, relative to the length of an experiment examining the 

group behaviors of these confined populations ( > 6 h), the fluorescently labeled 

antibiotic rapidly diffuses through the tightly packed sheath of cells into the nested 



 146 

cavity. To characterize the diffusion properties another biologically relevant small 

molecule through the photocrosslinked BSA and dense populations, the 3OC12HSL 

autoinducer (Figure 4.7a) was added to the flow channel exogenously. The microtraps 

were then scanned using confocal microscopy to determine whether the confined QS 

reporter cells were expressing detectable levels of GFP (Figure 4.7b).    
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Figure 4.7: Diffusion of 3-oxododecanoyl homoserine lactone (3OC12HSL) through a 
microtrap filled with P. aeruginosa. (a) The chemical structure of the small 
signaling molecule, 3OC12HSL, used to induce QS in P. aeruginosa.          
(b) After 8.5 h of growth under 250 μL min-1 flow, the P. aeruginosa 
reporter strain carrying the rsaL::gfp fusion filled a heart-shaped 2.1-pL trap 
to near-capacity (top left panel, “Filled”), but no expression of green 
fluorescent protein (GFP) was detected by confocal microscopy (top right 
panel, “250 μL min-1 Flow”). The trap was scanned less than 1 h after adding 
10 μM 3OC12HSL (signal molecule) exogenously to the flow channel, and 
high levels of GFP were observed (bottom left panel, “10 μM Signal”; and 
bottom right panel, “Cross-Section”) – demonstrating that the 3OC12HSL 
signal molecule diffused through the trap walls and that the confined cells 
were participating in QS. Scale bar, 10 μm.   

In this study, after the P. aeruginosa rsaL-GFP reporter strain grew for 8.5 h 

within a 2.1-pL heart-shaped BSA microstructure under a high flow rate (250 μL min-1) 

at 37°C and filled the trap to near-capacity; however, the confocal scan revealed that the 

cells were not expressing GFP (Figure 4.7b, top panel). When the microtraps were 
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imaged again less than 1 h after exogenously adding 10 μM 3OC12HSL, the autoinducer 

molecule that induces expression of genes controlled by QS, including rsaL, high levels 

of GFP were detected throughout the entire microstructure – indicating that bacteria were 

participating in QS (Figure 4.7b, bottom panel). In addition to implying that 3OC12HSL 

diffuses through the crosslinked material and the cells, these results demonstrate that 

although the external flow rate was initially too high to accumulate sufficient amounts of 

signal to initiate QS, the confined cells are metabolically active and capable of 

modulating phenotypic expression using QS.  

4.3.3 Population Size and External Flow Rate Impact the Onset of QS in Small 
Aggregates of P. aeruginosa.  

While QS has traditionally been recognized as a cell density-dependent process 

used to regulate phenotypic expression and organize group behaviors, recent theories 

have suggested that rather than sensing cell density alone, other factors may influence 

cellular signaling and the onset of cooperative behavior as a population [7, 12, 16, 18, 

32]. The conventional QS model assumes that, independent of their surroundings, 

bacteria measure cell density as a function of the autoinducer concentration in the 

extracellular environment, for the purpose of modulating gene expression to benefit the 

community. Several alternative signal sensing models, diffusion sensing [16, 18] and 

efficiency sensing [18], have emerged to describe how environmental conditions may 

affect the accumulation of autoinducer signals, and hence, the ability of cells to estimate 

population density (Figure 4.8). The diffusion sensing model proposes that coordinated 

group behaviors develop independent of cell density as a result of the mass transfer 

properties of the surrounding environment governing signal accumulation [16, 18]. In 

contrast, the efficiency sensing model hypothesizes that a cooperative response by a 

population arises from bacteria using chemical communication to assess the spatial 

distribution of signal accumulation, derived from a combination of the cell density and 

mass transfer within the environment [18, 54]. 



 149 

 

 

Figure 4.8: Theoretical models of the environmental parameters cells sense to 
coordinate group behaviors. (a) The basic QS model implies that bacteria 
use chemical signaling to monitor cell density to induce group behaviors.   
(b) The diffusion sensing model proposes that cells sense signal 
concentration and induce coordinated group behaviors as a result of the 
mass transfer properties of the environment. (c) The efficiency sensing 
model unifies the basic QS and diffusion sensing theories by suggesting that 
cells modulate gene expression in response to the spatial distribution of 
autoinducer signal molecules, resulting from the population size/density and 
the mass transfer properties in the local environment. Figure and concept are 
adapted from Hense et al. [18]. 

To assess these sensing models experimentally, a culture platform must have the 

capacity to control cell density, population size, and mass transport within the system, 

independently. The studies presented in this section systematically evaluate the three 

sensing models by confining P. aeruginosa in photocrosslinked BSA microcavities and 

establishing how the 3OC12HSL-induced GFP expression changes as a result of varying 

the population size (Figure 4.9) and external flow rate (Figure 4.10) while holding the 

cell density constant.  
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As demonstrated in Figure 4.7, P. aeruginosa confined at high densities in 2.1-pL 

traps grown under an external flow rate of 250 μL min-1 did not express detectable levels 

of GFP until the signal molecule was added exogenously to the flow stream. To 

determine whether larger populations of P. aeruginosa could produce a steady-state 

concentration of 3OC12HSL high enough to induce GFP expression at an external flow 

rate of 250 μL min-1, cells were grown to the same density in microchambers in different 

volumes (Figure 4.9). These studies showed that increasing the confinement volume    

~three-fold, from 1.7 pL to 5.6 pL, and thus, the size of the population from ~2600 cells 

to 8500 cells, allowed the P. aeruginosa to produce a detectable level of GFP under        

250 μL min-1 flow when the microtraps were filled to capacity (t0). When scanned for 

GFP expression 3h after t0, the expression within the 1.7-pL chamber still had not 

reached the level of expression within the 5.6-pL chamber at t0. Moreover, after 1 h of 

growth beyond t0, the cells in the 5.6-pL cavity were expressing GFP at a level nearly 

twenty-fold higher than the 1.7-pL trap at t0 + 3 h. Therefore, the data presented in    

Figure 4.9 demonstrate that population size influences the onset of QS-dependent gene 

expression in small communities of P. aeruginosa.  

 



 151 

 

Figure 4.9: Population size influences QS-dependent gene expression in small groups of 
P. aeruginosa. (a) The effect of population size on QS-dependent GFP 
expression was evaluated with two different trap sizes (1.7-pL and 5.6-pL) 
filled with P. aeruginosa carrying an rsaL::gfp fusion. Here, the external 
flow rate remained fixed at 250 μL min-1, and the GFP expression was 
examined when the microstructures were all filled to capacity (t0), when the 
cell density was the same for each trap size (visualized in the images in the 
far left panel, “Transmitted Light”). At t0, no GFP was detected in the      
1.7-pL trap using confocal microscopy, whereas a small amount GFP was 
observed in the 5.6-pL (middle panel, “t0”). The 1.7-pL and 5.6-pL 
microstructures were imaged again at 3 h and 1 h past t0, respectively (right 
panel, “t0 + 3 h”, and “t0 + 1 h”), and GFP was observed in both population 
sizes. (b) Although the 1.7-pL trap eventually expressed detectable levels of 
GFP, the GFP expression remained ~twenty-fold higher from the 5.6-pL 
population. The error bars represent the standard error of the means (N ≥ 3). 

In a complimentary set of experiments, 2.1-pL BSA traps were used to evaluate 

the effect of the system flux on the QS-dependent expression of GFP in confined 
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populations of P. aeruginosa at the same size and density. If system flux affects          

QS-induced group behaviors, it was expected that decreasing the external flow rate by a 

factor of fifty, from 250 μL min-1 to 5 μL min-1, would enable the 3OC12HSL to reach a 

higher steady-state concentration and cause greater levels of QS-dependent GFP 

expression as a result of a reduction in the mass transfer rate through the trap           

(Figure 4.10). 
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Figure 4.10: The external flow rate influences QS-dependent gene expression in small 
groups of P. aeruginosa. (a) The effect of system flux on QS-dependent 
GFP expression was examined using two different flow rates in 2.1-pL 
heart-shaped traps filled with P. aeruginosa carrying an rsaL::gfp fusion. In 
these experiments, the cell density and population size remained constant, 
and QS-mediated GFP expression was monitored with confocal microscopy 
under conditions of high (250 μL min-1) and low (5 μL min-1) system flux 
(left and right panels, respectively). Scale bar, 10 μm. (b) Lowering the 
external flow rate from 250 μL min-1 to 5 μL min-1 resulted in a ~six-fold 
increase in the number of GFP-positive voxels within the P. aeruginosa 
populations in each 2.1-pL trap per unit volume. Error bars represent the 
standard error of the means (N ≥ 3). 

The studies in Figure 4.10 confirm that the system flux impacts the onset of      

QS-dependent gene expression. Here, decreasing the external flow rate from                

250 μL min-1 to 5 μL min-1 produced a ~six-fold increase in the QS-dependent GFP 

expression for P. aeruginosa populations of the same size and density. Together, these 
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results and the data shown in Figure 4.9, demonstrate that population size and external 

flow rate both influence the onset of QS in spatially confined communities of                 

P. aeruginosa – providing the first empirical evidence to support the efficiency sensing 

hypothesis [18]. Although it seems predictable that population size and the external flow 

rate would influence QS, until now, no experimental strategies had the capability to vary 

cell density, population size, and mass transfer rates systematically within small 

aggregates of bacteria.  

4.3.4 Development of Antibiotic Resistance in Small Aggregates of P. aeruginosa 

Another important phenotype frequently present in high-density bacterial 

communities that is often thought to be both a marker of biofilm formation and regulated 

by intercellular signaling is the development of an increased tolerance to antibiotics [55-

58]. As discussed in Section 4.3.2 and demonstrated in Figures 4.5 and 4.6, the 

multiphoton-fabricated BSA matrices are permeable to gentamicin, an aminoglycoside 

antibiotic. In addition, the gentamicin was found to diffuse rapidly through the 

photocrosslinked material and dense populations of P. aeruginosa. Therefore, this cell 

culture platform provides a suitable environment to probe the onset of population-

dependent antibiotic resistance to gentamicin in P. aeruginosa.  

To ascertain whether cell density alters the ability of small aggregates of              

P. aeruginosa to develop an increased resistance to gentamicin, survival was assessed 

after cells cultured in BSA structures at high (~225 cells pL-1) and low (~20 cells pL-1) 

densities were dosed with the MIC (1.6 μg mL-1) of gentamicin, and high densities with 

100x the MIC as well (Figure 4.11).  
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Figure 4.11: Population-dependent antibiotic resistance in small groups of P. aeruginosa. 
The susceptibility of P. aeruginosa cell to gentamicin was examined at 
different cell densities in 2.1-pL traps. Structures with high-density 
populations were stained after a 2-h gentamicin dosing period with either: 
no antibiotic (control), the minimum inhibitory concentration (MIC;         
1.6 μg mL-1), or 100x the MIC. Low-density populations were dosed for 2 h 
with the MIC of gentamicin. The 2-h dose killed 99% of cells growing on 
plates (data not shown), and the cells became increasingly resistant to the 
antibiotic at high densities. The data and confocal reconstructions show that 
2% of the cells died within the untreated trap (far left bar and image panel). 
The 2-h MIC dose killed 3% of the cells in the high-density populations 
(middle left on the graph and in the image panel), while lower density 
populations had a higher percentage (77%) of dead cells (middle bar; middle 
right image panel). High-density populations were also dosed with 100x the 
MIC, which resulted in 94% of the cells dying (second bar from the right; 
right image panel). Live and dead cells are green and red, respectively. Error 
bars represent one standard deviation (N ≥ 13). Scale bars, 10 μm. 
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 Although the microtraps were not filled to capacity at these densities, the results 

in Figure 4.11 show that groups of as few as ~150 cells confined in a 2.1-pL BSA 

microchamber developed increased resistance to gentamicin. Here, 2% of the cells within 

the control structure, which was not treated with antibiotic, stained as dead (red;       

Figure 4.11). When cells were dosed with the MIC of gentamicin for 2 h on plates, 99% 

were killed (data not shown). However, the same 2-h MIC dose of the antibiotic only 

killed 3% of the P. aeruginosa cells within the high-density microtrap, 77% of the 

bacteria in low-density chambers (Figure 4.11). Furthermore, a 2-h dose with 100x the 

MIC of gentamicin killed 94% of the cells within the high-density traps, which verified 

that high-density populations could be killed within the microstructures. These interesting 

findings demonstrate that multiphoton-fabricated protein microtraps are a flexible 

platform for evaluating antibiotic efficacy at various stages of growth in high-

density/low-cell-number populations of bacteria. Moreover, such results could provide 

critical insight into how small groups of cells seed infections. 

4.4 CONCLUSION 

The studies in this chapter demonstrate protein-based MPL as a versatile tool for 

creating defined microenvironments to probe bacterial group behaviors in clinically 

relevant population sizes. The thermoresponsive properties of photocrosslinked BSA 

were exploited to alter the size of the microfabricated 3D structures by expanding the 

walls to close the entrance aperture as a means to isolate individual motile cells and grow 

clonal populations. The confined cells displayed a normal growth rate, indicating that the 

porous microcavity walls and roof permit the exchange of small nutrient and waste 

molecules with surrounding medium. Additional experiments revealed that the 

autoinducer signal (3OC12HSL) and a fluorescein-gentamicin conjugate – two other 

biologically relevant small molecules – also diffuse freely through the microtrap walls 

and densely packed layers of P. aeruginosa cells.  
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Collectively, these responsive protein materials and the single-pass continuous 

culture flow cell system supplied a dynamic platform for evaluating the highly debated 

QS, diffusion sensing, and efficiency sensing models for how bacteria communicate 

using autoinducer signals to coordinate group behaviors. These three theories were 

examined in a systematic manner by holding the cell density constant and independently 

varying the size of the confined bacterial colony and the external flow rate. The studies in 

Section 4.3.3 provided the first experimental evidence supporting the efficiency sensing 

hypothesis, establishing that population size, density, and mass transfer all influence the 

onset of QS-dependent gene expression in P. aeruginosa. The applications of this cell 

culture approach in probing phenotypes mediated by bacterial social interactions were 

illustrated further in Section 4.3.4, where resistance to the antibiotic gentamicin was 

detected in as few as ~150 P. aeruginosa cells, and was shown to increase with cell 

density. Finally, the studies in this chapter demonstrate the enormous potential of this 

innovative fabrication approach to address fundamental questions in sociomicrobiology. 
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Chapter 5: In Situ Bacterial Encapsulation via Gelatin-Based 
Multiphoton Lithography 

5.1 INTRODUCTION 

Recognizing how environmental factors regulate complex interactions among 

bacteria is essential to understanding how small aggregates of cells can effectively seed 

infections in vivo [1-8]. As discussed in Chapter 4, the spatial relationships between 

individual cells and small clusters of cells can significantly impact intercellular 

communication processes that coordinate group behaviors, such as quorum sensing and 

biofilm formation [6, 8-14]. Because these social interactions mediate the expression of 

many genes linked to pathogenic phenotypes, strategies with the capacity to control the 

spatial structure of bacterial communities have generated considerable interest in the field 

of microbiology. As a result, various tools have emerged for studying bacteria in 

confined spatial arrangements, such as ink-jet printing [15], microfluidic chemostats [16-

19] and droplets [4, 20-22], lipid-silica nanostructures [23-25], soft lithographic 

techniques [2, 5], and protein-based multiphoton lithography (MPL) [6, 9, 26-30]. 

Although all of these strategies provide a means to assemble cells in spatially 

defined patterns, MPL offers a number of key advantages compared to other 

biocompatible fabrication methods, including the ability to precisely control the three-

dimensional (3D) geometry of the confinement space, as well as the cell density and size 

of the confined microbial population. Protein-based MPL has been demonstrated as a 

flexible platform for creating porous microenvironments to organize and culture small 

groups of bacteria [6, 9, 26, 27]. As discussed in earlier chapters, the responsive 

properties of these photocrosslinked protein materials create a dynamic interface between 

the cells and the surrounding environment. Moreover, by using bovine serum         

albumin (BSA) and low concentrations ( < 1 mM) of methylene blue (MB) as a 

photosensitizer, previous work has shown that this localized fabrication technique can be 
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performed in the presence of Escherichia coli cells [26]. The fabrication conditions used 

in this demonstration were suitable for forming a two-dimensional network of lines to 

direct the motility of E. coli cells in situ [26]. However, it has remained challenging to 

use this solution-based MPL approach in the presence of many other species, such as 

Pseudomonas aeruginosa, and have the cells survive fabrication. The studies described in 

this chapter present the development of a gelatin-based approach that enables protein-

based MPL to be performed in situ around both motile (P. aeruginosa) and nonmotile 

(Staphylococcus aureus) bacteria embedded in a thermally set gel. 

Gelatin is a polymeric material composed of a mixture of soluble, high molecular 

weight protein fragments extracted from denatured collagen that, when dissolved in 

aqueous solution, forms a solid network below 35 – 40°C [31-35]. The studies in this 

chapter demonstrate MPL in thermally gelled solutions of gelatin, photosensitizer (MB or 

Rose Bengal [RB]), and in some cases, an additional protein (BSA or mucin). In 

comparison to protein solutions, gelatin-based precursors offer sufficient mechanical 

stability to support free-floating multi-layer structures in three dimensions during 

fabrication. Furthermore, experiments in this chapter show that encapsulating bacteria in 

the precursor gel allows this fabrication technique to be performed in situ without 

harming the cells. This highly adaptable approach provides a means to fabricate free-

floating colonies, nested cultures, confine nonmotile cells, and spatially pattern 

polymicrobial communities.  

The work in this chapter demonstrates some of the advantages of gelatin-based 

MPL over solution-based protein fabrication for isolating and culturing small groups of 

bacteria using clinically relevant motile (P. aeruginosa) and nonmotile (S. aureus) cells. 

This fabrication platform is then used to organize co-cultured communities to investigate 

interspecies interactions between P. aeruginosa and S. aureus – two human pathogens 

that often form persistent co-infections together in clinical environments, such as chronic 

wounds, catheters, and the lungs of cystic fibrosis patients [13, 36-42]. Initial studies are 



 165 

presented that probe the hypothesis that the β-lactamase enzymes produced by                

P. aeruginosa [37, 43-48] can protect S. aureus cells from ampicillin, a β-lactam 

antibiotic, in co-cultured populations.  

5.2 EXPERIMENTAL METHODS 

5.2.1 Reagents 

Rose Bengal (330000), methylene blue (M-4159), mucin from the bovine 

submaxillary gland (M3895), Type A gelatin from porcine skin (G2500), and Type B 

gelatin from bovine skin (G9382) were purchased from Sigma-Aldrich (St. Louis, MO). 

Bovine serum albumin (BAH64-0100) was acquired from Equitech-Bio (Kerrville, TX). 

HEPES sodium salt (AC21500-1000) was obtained from Acros Organics (Geel, 

Belgium). A Live/Dead BacLight bacterial viability kit (L1352) and a ViaGram Red 

bacterial Gram stain and viability kit (V-7023) were purchased from Invitrogen 

(Carlsbad, CA). Sodium chloride (S271-3), calcium chloride dihydrate (BP510100), 

carbenicillin disodium salt (BP2468-1), ampicillin sodium salt (BP1760-5) were 

purchased from Fisher Scientific (Fairlawn, NJ). Tryptic soy broth (1010717) was 

obtained from MP Biomedicals (Solon, OH). All reagents were stored according to the 

supplier’s specifications and used as received without further purification.  

5.2.2 Bacterial Strains, Plasmids, and Culture Conditions 

P. aeruginosa PA01 constitutively expressing gfp from the plasmid pMRP9-1         

[49] and S. aureus MN8 carrying the sar P1 reporter plasmid pJY209 encoded to express 

yfp10B (a bright variant of yellow fluorescent protein) [50] were used for the cellular 

experiments described in this chapter. S. aureus (Gram-positive) cells were conditioned 

to tolerate MB first by adding 50 mM CaCl2 to an overnight culture at 37°C in tryptic soy 

broth (TSB). The culture was then diluted into a fresh tube of TSB containing                

50 mM CaCl2 and 0.1 mM MB and grown to saturation aerobically at 37°C. Subsequent 

dilutions of the saturated cultures were made in new tubes with 50 mM CaCl2, each time 
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with increasing concentrations of MB until the cells grew to tolerate 5.0 mM MB. 

Cultures were then maintained using 5.0 mM MB while gradually decreasing the 

concentration of CaCl2 until it was no longer necessary for cell survival. Conditioning 

was not required for P. aeruginosa (Gram-negative) cells to survive the fabrication 

process.  

For fabrication, planktonic cultures of each species were grown aerobically 

overnight at 37°C in TSB containing either 5.0 mM MB (to maintain conditioning         

[S. aureus]) or 300 μg mL-1 (for plasmid selection [P. aeruginosa]). Cells were diluted 

from overnight cultures, grown at 37°C to mid-logarithmic phase, and then diluted into a 

solution containing photosensitizer, gelatin, and BSA in a 1:10 ratio for fabrication. 

5.2.3 Gelatin-Based Protein Fabrication 

Photocrosslinked gelatin-based microstructures and bacterial enclosures were 

fabricated on No. 1 coverglass secured within a reusable 2.5-mL aluminum well coated 

with an epoxy resin using the dynamic mask-directed MPL technique described in 

previous chapters and in more detail elsewhere [28-30, 51]. Here, protein microstructures 

were fabricated using a mode-locked titanium:sapphire (Ti:S) laser (Tsunami; Spectra 

Physics) operating at 740 nm aligned into a dual-axis galvo scanner (Thor Labs), which 

raster-scanned the beam over an electronic reflectance mask. The reflected Ti:S beam 

was expanded and collimated to overfill the back aperture of an oil immersion objective 

(either Zeiss 100X Fluar, 1.30 NA; Olympus, UPlanApo, 100X, 1.35 NA; or Olympus, 

PlanApo, 60X, 1.40 NA) positioned on an inverted microscope (Zeiss Axiovert). 3D 

microstructures were fabricated in a layer-by-layer process using a motorized focus 

driver (H122, Prior Scientific) programmed to move the fine focus of the microscope 

along the optical (z) axis in defined steps between fabrication layers.   

When cells were not present, protein microstructures were fabricated from a 

solution prepared in a 20 mM HEPES (pH 7.4, 0.1 M NaCl) buffer containing either      
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1.0 – 20.0 mM RB or 0.5 – 5.0 mM MB, and 50–400 mg mL-1 gelatin (Type A or       

Type B). In some experiments, 25 – 100 mg mL-1 BSA or 33 mg mL-1 mucin was added 

to the fabrication solution. The gelatin solutions were mixed for a minimum of 30 min 

prior to fabrication by shaking at 1000 revolutions per min (rpm) at 37°C. Unless 

otherwise noted, all microstructures were fabricated at room temperature (18 – 22°C) 

using an average laser power of ~75 mW (measured at the back aperture of the 

objective), an optical (z) axis step size of 0.50 μm, and a slow axis scan velocity             

of 21 μm s-1. Following fabrication, the 2.5-mL sample well was washed out with 

multiple volumes (~2 mL each) of HEPES buffer heated to 37°C until the remaining gel 

was removed.  

Fabrication solutions used in bacterial studies were prepared in TSB containing 

either 2.5 – 8.5 mM RB or 5.0 mM MB, 300 mg mL-1 gelatin (Type A, porcine skin), and 

25 mg mL-1 BSA, unless it is specified otherwise. Mid-exponential-phase cells were 

diluted into the fabrication solution at a 1:10 ratio, and mixed for ~5 min at 1000 rpm at 

37°C. Upon adding a ~50 μL aliquot of the fabrication solution containing cells to a 

sample well at room temperature, the droplet formed a gel, and microstructures were 

fabricated around the embedded bacteria (one or two P. aeruginosa cells, or clusters 

containing up to ten S. aureus cells) using the same conditions as described above for the 

samples made without bacteria. Nested populations of different species were fabricated in 

two steps. After fabricating a cavity around the first species and removing the excess gel, 

a ~50 μL aliquot of a second fabrication solution containing cells was added to the 

sample. Larger chambers were then fabricated around several bacteria and the initial 

cavities (to completely surround the first group of bacteria). The uncrosslinked 

gelatin/BSA was washed out with 37°C media, and the sample was incubated at 37°C for 

the remainder of the experiment, unless otherwise noted. 

Microchambers with S. aureus colonies nested inside a shell of P. aeruginosa 

were used to investigate how the susceptibility of S. aureus to the β-lactam antibiotic 
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ampicillin changes in the presence of P. aeruginosa. In these studies, to ensure that the 

bacteria were dividing, confined S. aureus cells were grown for 4 h in TSB at 37°C prior 

to fabricating an exterior shell of P. aeruginosa around the inner cavities. The two 

species were then grown in co-culture at 37°C for 2 h, then left at room temperature 

(~20°C) for 12 h (overnight). The samples were then washed using fresh TSB and then 

returned to the 37°C incubator. After an additional 4 h of growth at 37°C, the 

polymicrobial samples were dosed with the minimum inhibitory concentration (MIC) of 

ampicillin determined for the MB-conditioned S. aureus cells (0.15 μg mL-1) for 2 h at 

37°C. Following the ampicillin dose, survival was assessed by staining the cells with 

SYTO 9 and propidium iodide from a Live/Dead BacLight bacterial viability kit, which 

allowed live and dead bacteria to be visualized in the green and red channels, 

respectively, using either widefield fluorescence or confocal microscopy. 

5.2.4 Imaging and Data Analysis 

Samples were imaged under brightfield and widefield fluorescence illumination 

conditions on an inverted Zeiss Axiovert microscope equipped with an HBO 100W/2 

mercury lamp and an ORCA-Flash2.8 scientific-grade complementary metal oxide 

semiconductor (CMOS) camera (Hamamatsu) controlled by HCImage Live software 

(Hamamatsu). Fluorescence images were acquired using oil immersion objectives (Zeiss 

100X Fluar, 1.30 NA; Olympus, UPlanApo, 100X, 1.35 NA; or Olympus, PlanApo, 60X, 

1.40 NA) using standard blue, green, and red filter sets (49000, 49011, and 49005, 

respectively; Chroma Technology, Rockingham, VT). Time-lapse image sequences of 

bacterial growth were acquired under brightfield illumination within an environmental 

chamber (built in-house) maintained at 37°C on an inverted Zeiss Axiovert microscope 

equipped with an infinity corrected air objective (Olympus UPlanFl 40X, 0.75 NA) and 

an ORCA-II scientific-grade 12-bit charge-coupled device (CCD) camera (Hamamatsu) 

controlled by MetaMorph software (Universal Imaging, Sunnyvale, CA). All image 
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processing and analysis was done with ImageJ (National Institutes of Health, Bethesda, 

MD) and Photoshop (Adobe, San Jose, CA). 

Rectangular test structures with dimensions of 10.00 x 8.00 x 5.00 μm (length x 

width x nominal height), fabricated from mixtures of 300 mg mL-1 gelatin (Type A) and 

33 mg mL-1 of either mucin or BSA (control) were used to assess the binding ability of 

mucin incorporated in photofabricated gelatin matrices. After fabrication, structures were 

washed using 37°C HEPES buffer and imaged using widefield fluorescence microscopy 

in the red channel. The test structures were then incubated in a 100 μg mL-1 solution of a 

Texas Red-X conjugate of wheat germ agglutinin (WGA) for 30 min, washed using 

HEPES buffer, and then imaged in the red channel a second time. The mean fluorescence 

intensity was measured before and after the WGA incubation for each test structure using 

Image J. The difference in red-channel fluorescence intensity was used to confirm the 

presence of the Texas Red-X WGA conjugate on the gelatin test structures containing 

either BSA or mucin.  

The photo-induced volume response was examined in the same manner described 

in Chapter 3 for test structures fabricated using RB/gelatin (Type A) and RB/gelatin 

(Type A) containing 50 mg mL-1 BSA. The rectangular test structures were fabricated to 

be 20.00 x 15.00 x 8.00 μm (length x width x nominal height). The areas (A) were 

measured at the top of each test structure (~8 μm above the glass) using brightfield 

images, and the swelling ratio, A/A0, was calculated by dividing the area of a test 

structure measured after irradiation (A) by the area measured before irradiation (A0). 

Replicates for both the mucin binding capacity and the photo-induced volume response of 

RB/gelatin and RB/gelatin/BSA studies represent individual structures fabricated in a 

single sample well. 

A Leica SP2 acousto-optic beam splitter (AOBS) confocal microscope (Leica 

Microsystems, Germany), equipped with a 63X, 1.4-NA objective, was used to acquire 

transmitted light and confocal fluorescence images of the P. aeruginosa and S. aureus 
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cells in the protein microstructures as a z-scan series. Bacterial samples were stained 

using either a ViaGram Red bacterial Gram stain and viability kit or a Live/Dead 

BacLight bacterial viability kit for a period of 30 min prior to imaging using widefield 

fluorescence or confocal microscopy. The ViaGram Red kit stained all live cells blue, all 

dead cells green, and produced a red ring around the surface of Gram-positive cells. The 

Live/Dead BacLight kit caused live and dead cells to stain green and red, respectively. 

Although both stain kits were used for visualization, the Live/Dead BacLight kit 

(green/red) was also used to obtain the quantitative data in the β-lactam susceptibility 

experiments (Figure 5.9). The percentage of dead S. aureus cells in each microstructure 

after a 2-h dose of ampicillin using the MIC was determined by directly counting the 

number of live (green) and dead (red) cells in 3D volume reconstructions from confocal 

image stacks using ImageJ.  

5.3 RESULTS AND DISCUSSION 

A number of MPL strategies are capable of fabricating materials with intricate 3D 

features using synthetic polymers [52-60] and proteins [27, 29, 30, 51, 61-66]. In most 

cases, however, it is not possible to fabricate freeform objects, structures not connected to 

another structure or the substrate surface. Although aqueous protein solutions do not 

provide sufficient mechanical stability to fabricate freeform multilayer structures, several 

protein-polymer hybrids, such as methacrylate-modified gelatin and polylactic acid, have 

emerged as a means to incorporate biological materials into free-floating structures [58, 

62, 63, 67, 68]. The Shear Group has recently shown that freeform fabrication of 

unmodified proteins can be achieved using a solvent-assisted controlled drying process to 

create a solid protein precursor gel, or “protogel” [69]. This gel-based MPL strategy has 

been demonstrated using BSA, avidin, and lysozyme. Photocrosslinked matrices prepared 

from protogel precursors are biologically functional after rehydration (e.g., avidin 

structures retain the ability to bind biotin). Although the protogel-based technique enables 
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freeform fabrication using unmodified proteins, the dimethyl sulfoxide (DMSO) added to 

stabilize the solid gel prohibits this strategy from being used for in situ applications. The 

gelatin-based approach described in this chapter provides an alternative, more 

biocompatible platform for freeform 3D microfabrication that can be executed in the 

presence of bacteria.  

5.3.1 Multiphoton Lithography of Gelatin-Based Protein Materials 

Below ~35°C, dissolved gelatin forms a solid physical network [31-35] with 

adequate mechanical stability to support freeform 3D multiphoton fabrication. Once 

fabrication is complete, any excess material can easily be removed by increasing the 

temperature to 37°C, which melts the thermally set gelatin, while the photocrosslinked 

portions remain intact. Multiphoton fabrication can be accomplished using Type A or 

Type B gelatin (50 – 400 mg mL-1) and a photosensitizer (1.0 – 20.0 mM RB or            

0.5 – 5.0 mM MB); however, other proteins can also be incorporated into the precursor 

gel, and thus, the photocrosslinked matrix. Since (sterile) thermally set gelatin is 

indefinitely stable at or below room temperature [33], it should be possible to create large 

structures requiring long fabrication times in steps over multiple days. To examine this, 

qualitative experiments were performed where separate test structures were fabricated 

using each type of gelatin (A and B) and both photosensitizers (RB and MB), with and 

without BSA (25 mg mL-1). In these studies, three samples of each type of microstructure 

were fabricated in serial. One sample was rehydrated and imaged immediately after 

fabrication, while the other two were left in the gel (protected from light) for a period of 

two weeks – one at room temperature, and the other at 4°C. Upon rehydration from the 

temperature-set gel, no qualitative differences were observed in the structure quality 

(images not shown). Furthermore, the stability of solid gelatin network provides a      

long-term storage method for photocrosslinked microstructures. 
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As discussed in Chapters 2 and 3, experimental parameters that influence the 

crosslinking density, such as the laser power and optical axis step size between 

fabrication layers, can be altered to tune the mechanical properties of the 

photocrosslinked protein. For example, integrating BSA into gelatin matrices increases 

the mechanical strength of the photo-fabricated matrix and also helps surface-attached 

microstructures adhere to the glass. As a result, varying amounts of BSA were added to 

gelatin fabrication solutions to create more durable microstructures for most of the 

studies presented in this chapter. Tailoring the composition of gelatin, photosensitizer, 

and different proteins included in the precursor gel provides a means to control both the 

physical and chemical properties of the photocrosslinked material. Adding as little as    

50 mg mL-1 of gelatin allows wide range of other proteins, such as BSA, to be thermally 

solidified for freeform 3D fabrication. The capacity to accomplish freeform 3D 

fabrication using RB/gelatin/BSA is illustrated in Figure 5.1 with a sequence of images 

taken from a 360° rotation of a confocal reconstruction of a hollow toroid (with a         

flat-headed pin-shaped structure threaded through the inner ring to fasten it to the 

surface). 
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Figure 5.1: Fabrication of freeform 3D microstructures using gelatin-based MPL. 
Snapshots from a 360° rotation of a confocal reconstruction of a hollow 
toroid fabricated using 8.5 mM RB, 300 mg mL-1 gelatin (Type A), and                 
25 mg mL-1 BSA show that the toroid structure is free-floating in three 
dimensions. The toroid is fastened to the surface by the flat-headed pin-
shaped structure, but is otherwise freely mobile. The hollow toroid has an 
inner diameter of 20 μm, an outer diameter of 40 μm, and the wall thickness 
is 2 μm. The pin structure is 36 μm tall. The blue reference marker indicates 
where the pin structure contacts the glass surface. Scale bar, 20 μm. 

Combining small amounts of proteins that are either expensive or not very soluble 

at high concentrations, such as avidin and mucin, respectively, with gelatin to form the 

precursor gel enables the functional properties of these proteins to be incorporated into 

photocrosslinked matrices. Likewise, it is possible to integrate the 3D capabilities of 

gelatin-based fabrication with the responsive properties of other photocrosslinked 

proteins. For example, incorporating BSA into a RB/gelatin precursor results in 

microstructures that exhibit a volume expansion in response to exposure to visible light 

(Figure 5.2b). 
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Figure 5.2: Functional properties of microstructures fabricated from gelatin precursors 
containing additional proteins. (a) Test structures fabricated using              
8.5 mM RB, 300 mg mL-1 gelatin (Type A), and 33 mg mL-1 of BSA 
(control, blue bar) or mucin (red bar) were incubated in 100 μg mL-1 
solution of a Texas Red-X conjugate of wheat germ agglutinin (WGA) for 
30 min and then returned to HEPES buffer. The plot comparing the red 
channel widefield fluorescence intensity before and after incubating the 
structures in the WGA conjugate showed that the gelatin structures 
containing mucin retained the ability to bind WGA. (b) Test structures 
fabricated using two different average laser powers (43 and 53 mW) and 
10.0 mM RB, 300 mg mL-1 gelatin (Type A), and either no BSA (blue bars) 
or 50 mg mL1 of BSA (red bars) were irradiated with visible light for 15 min 
as described in Chapter 3. The 15-min illumination caused the RB/gelatin 
structures containing BSA to exhibit a light-induced volume expansion     
~eight-fold larger than the structures without BSA. The light-induced 
expansion of the structures made using BSA was attenuated ~20% at the 
higher laser power. Error bars represent one standard deviation (N = 6). 

The results in Figure 5.2 demonstrate that gelatin-based photocrosslinked matrices 

can exhibit a range of functional properties by incorporating other proteins into the 

fabrication solution. Here, microstructures fabricated using RB/gelatin (Type A) and a 

small fraction (< 10%, by mass) of mucin, a glycoprotein containing carbohydrate groups 

with a high binding specificity for various lectins, including WGA, retained the ability to 

bind WGA post-fabrication (Figure 5.2a) [70-72]. Moreover, mucin is frequently present 

in infections in vivo, such as the lungs of cystic fibrosis patients, and has been shown to 
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promote biofilm development and enhanced antibiotic resistance in P. aeruginosa [73]. 

Because mucin is an extremely high molecular weight protein (~106 – 108 Da), it is 

difficult to dissolve at concentrations high enough for fabrication. These results show that 

by mixing a small fraction of mucin into the solid precursor gel, a photocrosslinked 

matrix can be fabricated that retains the binding functionality of the protein. 

Correspondingly, the results in Figure 5.2b show that integrating BSA into the RB/gelatin 

precursor gel produces a photocrosslinked matrix with similar photoresponsive properties 

to RB/BSA hydrogels. In these experiments, microstructures fabricated from RB/gelatin 

(Type A) containing BSA ( < 20%, by mass) underwent a light-induced volume 

expansion ~eight-fold larger than structures without BSA (Figure 5.2b). Furthermore, the 

magnitude of the photoresponse for the RB/gelatin/BSA structures was attenuated ~20% 

for the structures fabricated using the higher of the two laser powers (53 mW,          

Figure 5.2b).  

Collectively, the proof-of-concept experiments in this section demonstrate that 

gelatin-based MPL offers the potential to combine the ability to fabricate freely movable, 

3D microstructures that can incorporate the functional and responsive properties of a 

wide range of proteins.  

5.3.2 In Situ Fabrication of Gelatin-Based Bacterial Microenvironments 

Numerous literature reports over the last 100 years have established gelatin as a 

suitable substrate not only for bacterial culture, but also as a long-term storage matrix 

capable of maintaining cell viability [74-80]. Gelatin has been illustrated as a versatile 

material for applications ranging from preserving and transporting cells [76] to 

immobilizing live cells for atomic force microscopy [80]. Additionally, Jordan et al., 

demonstrated that E. coli cells within gelatin solutions could be manipulated and 

positioned using optical tweezers created by an infrared laser source, and that the cells 

remained viable afterward for over 72 h within the gel [78]. The studies presented in this 
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section exploit the unique physical and chemical properties of this biomaterial and the 

ability to perform highly localized photochemistry using MPL to create 3D bacterial 

microenvironments in situ around cells embedded in gelatin. 

5.3.2.1 Gelatin-Based Microfabrication in the Presence of Nonmotile Bacteria 

Although previous experiments have shown that it is possible to isolate and 

culture nonmotile cells within multiphoton-fabricated BSA microtraps using a flow-based 

loading approach and optical tweezers in combination with a thermal-induced volume 

expansion, this method is not very efficient [9]. The flow-based cell loading technique is 

not practical for many types of nonmotile cells with interesting pathologies that often 

grow in clusters with varied morphologies, including S. aureus. Moreover, because both 

of these methods require a somewhat large entrance aperture for loading, organizing 

polymicrobial communities where one or more of the species is nonmotile would be 

extremely challenging. The ability to perform fabrication in situ around nonmotile cells 

embedded in gelatin directly overcomes these limitations.  

The studies in this section demonstrate the utility of gelatin-based MPL as a 

biocompatible fabrication technique in the presence of S. aureus, a nonmotile, clinically 

relevant Gram-positive pathogenic species. Because Gram-positive bacteria do not have 

an outer membrane, these cells are more susceptible to photo- and oxidative damage, due 

to the uptake of photosensitizer and subsequently, the singlet oxygen (1O2) it generates 

within the cell when exposed to light [81]. Therefore, it was necessary to condition the    

S. aureus to tolerate the photosensitizer for the cells to remain viable after fabrication. 

Although S. aureus cells never grew in the presence of RB, it proved feasible to induce 

these cells to develop a tolerance to MB by adding divalent cations (50 mM CaCl2) to the 

growth medium [81]. Afterward, the concentration of CaCl2 was gradually decreased in 

the cultures until it was no longer necessary for survival. The MB-conditioned S. aureus 
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cells were then embedded in MB/gelatin/BSA gels for in situ fabrication and remained 

viable within the protein microstructures (Figure 5.3). 

 

 

Figure 5.3: In situ fabrication around nonmotile Staphylococcus aureus cells. A 
rectangular microchamber with a nominal height and roof thickness of      
8.00 μm and 1.50 μm, respectively was fabricated around a cluster of three 
nonmotile S. aureus cells embedded in a MB/gelatin/BSA gel prepared in 
TSB (left panel, “t = 0 h”). After rehydration and 3 h of growth in TSB at 
37°C, the cells underwent 3 – 4 divisions within the protein microstructure 
(middle panel, “t = 3 h”). Staining the bacteria with a Gram-stain and 
viability kit and then imaging with widefield fluorescence microscopy 
revealed that the majority of the confined Gram-positive cells were still 
viable (right panel). The ViaGram Red stain kit causes the surface of Gram-
positive cells to appear red, live cells to appear blue, and dead cells to 
appear green. The stain solution also caused the structure to appear red. 
Scale bar, 10 μm. 

The images in Figure 5.3 confirm that the MB-conditioning allowed the S. aureus 

cells to survive the fabrication process, which includes being embedded in the 

MB/gelatin/BSA. The S. aureus within the microchamber were observed divide every    

~30 – 35 min. The freeform fabrication capabilities offered by gelatin-based MPL to 

organize populations of nonmotile microorganisms were explored further by confining    

S. aureus cells within a free-floating cube (Figure 5.4). 
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Figure 5.4: In situ fabrication of freeform 3D protein microenvironments around 
nonmotile S. aureus cells. A cube was fabricated around a cluster of two 
nonmotile S. aureus cells embedded in MB/gelatin/BSA gel prepared in 
TSB. A larger, surface-attached chamber was fabricated around the cube to 
keep the 3D microstructure confined in a defined volume for visualization. 
After the cells grew at 37°C for ~6 h, the free-floating colony was imaged 
while the surrounding media was aspirated with a pipette, which caused the 
microstructure and cells to freely move and rotate in three dimensions 
within the larger chamber. The images in the numbered panels were 
acquired after each time the solution was aspirated. Scale bar, 10 μm. 

The image series in Figure 5.4 illustrates the ability to enclose and culture 

nonmotile bacteria within a 3D, freely mobile microenvironment. Here, the free-floating 

cube containing S. aureus cells rotated and translated in three dimensions within a 

surface-attached chamber as the surrounding liquid was aspirated manually using a 

pipette. Free-floating, but confined, cell-culture microenvironments could extend the 

utility of this technique in microbiology. For example, researchers could move individual 

cultures at specific densities or time-points, harvest the bacteria, and then extract RNA 

for more detailed studies at the molecular level using transcriptome analysis methods. In 

addition, using this approach, scientists could seed defined bacterial colonies in animal 

hosts to study how infections develop in vivo. Based on the observations for multiphoton-

fabricated BSA materials discussed in the previous chapters, it was assumed that the 

photocrosslinked gelatin-based structures are sufficiently porous to allow nutrients and 

waste to diffuse freely across the microstructure walls and roof. As expected, the results 

in Figures 5.3 and 5.4 verify that this assumption and that these materials support cell 

growth. 
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5.3.2.1 Gelatin-Based Microfabrication in the Presence of Motile Bacteria 

Confining motile bacteria in pre-fabricated protein structures prepared using 

solution-based MPL relies on cells swimming into the microtraps. Therefore, it is often 

an inefficient cell-loading process, and the majority of chambers (~80%) do not capture a 

cell prior to closing the entrance aperture [9]. In comparison, the ability to embed motile 

cells in a solid matrix and then perform in situ fabrication around the cell guarantees that 

each microstructure contains a cell. Gelatin-based MPL provides a means to control the 

organization of multiple microbial communities during fabrication, rather than relying on 

cellular motility. This technique offers the capability to nest a high-density colony of 

cells, confined in a small volume such that the cells are rendered immobile, inside a low-

density population that is highly motile (Figure 5.5). This type of spatial arrangement 

could enable a number of studies examining communication between multiple colonies of 

cells and the onset of group behaviors, such as quorum sensing (QS) and population-

dependent antibiotic resistance. The experiments presented in this section investigate 

several in situ confinement strategies using P. aeruginosa, a motile Gram-negative 

species.   
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Figure 5.5: In situ fabrication of freeform 3D protein microenvironments around motile 
Pseudomonas aeruginosa cells. A sphere was fabricated around two           
P. aeruginosa cells embedded in 8.5 mM RB/gelatin/BSA gel prepared in 
TSB. Then a larger, surface-attached chamber was fabricated around the 
sphere (and additional P. aeruginosa cells). The image series acquired after 
~6 h of growth at 37°C shows that the cells confined within the sphere were 
essentially immobile, while the motion of the motile cells in the outer 
chamber caused the free-floating sphere to move and rotate in three 
dimensions inside the outer chamber. The sphere had an inner diameter of 
12 μm and a wall thickness of 3 μm. The surface attached chamber was 
fabricated to be ~40 x 45 x 30 μm (length x width x nominal height) with    
10 μm thick walls. Scale bar, 20 μm.    

The image series in Figure 5.5 shows the ability to organize groups of motile cells 

within another motile population, resulting in the segregation of separate colonies that 

exhibit different motility characteristics. Here, a high-density population of P. aeruginosa 

was isolated within a small sphere nested inside a larger, surface-attached chamber 

(Figure 5.5). The cells confined in the sphere were tightly packed (i.e., essentially 

immobile), whereas the P. aeruginosa in the outer chamber were highly motile, which 

caused the free-floating sphere to move and rotate in three dimensions inside the   

surface-attached chamber. As the freely moving microstructures in Figures 5.4 and 5.5 

show, gelatin-based MPL provides a platform to assemble groups of cells in a virtually 
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unlimited range of 3D geometries. The 3D confocal reconstructions and the isosurfaces 

rendered from confocal reconstructions in Figure 5.6 show a range of different cell 

culture geometries.  
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 Figure 5.6: Spatially organizing P. aeruginosa populations in arbitrary 3D geometries. 
Confocal reconstructions of: (a) A pyramid filled with cells, anchored to the 
surface via pillars for visualization. (b) A top-down view of a partially 
transparent view of six physically isolated P. aeruginosa colonies connected 
in three dimensions by a series of spheres (the sphere on the far right of the 
structure was empty). (c) Views from the coverglass up (left image), side-on 
(middle image) and a partially transparent view from the top-down of a 
microstructure where P. aeruginosa cells were organized into three separate 
spheres with physically connected channels such that the cells could swim 
freely between the three spheres. (d) A physically isolated inner cavity 
nested within a larger chamber. The view from the coverglass up through 
the microstructure (top image) and the rotated cut-away of the side-on view 
(bottom image) demonstrate that the inner cavity has rectangular posts 
extending from each corner to the walls and roof of the outer chamber and 
to the coverglass, which fix the inner cavity in the center of the larger 
chamber in three dimensions. Here, the outer chamber was filled with         
P. aeruginosa cells while the inner cavity was empty. (e) Isosurfaces (left 
panel) and partially transparent views (right) a free-floating toroid filled 
with cells rotated at different angles. Structures were fabricated around       
P. aeruginosa embedded in 10.0 mM RB, 300 mg mL-1 gelatin (Type A), 
and 100 mg mL-1 BSA gel prepared in TSB. Dead and live cells appear red 
and green, respectively. The structures appear red. Scale bars, 20 μm. 
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While these examples demonstrate relatively simple shapes (e.g., a pyramid 

[Figure 5.6a] and a toroid [Figure 5.6e]), the ability to vary the 3D geometry and size of 

confined microcolonies could be used to probe how spatial orientation and colony 

morphology influence social interactions within small groups of bacteria. As discussed in 

Chapter 1, in addition to examining social interactions within isolated populations of 

cells, nesting a colony within a higher or lower density population, such as the sphere and 

surface-attached chamber shown in Figure 5.5, or forming physically and/or chemically 

connected communities could provide valuable insight into cellular communication and 

social behavior among microorganisms. The power to organize multiple chemically- 

and/or physically connected-communities of P. aeruginosa cells using gelatin-based 

MPL was investigated using several different 3D geometries (Figure 5.6b-d). 

The geometries shown in Figure 5.6b-d demonstrate three potential experimental 

platforms for examining social interactions between multiple bacterial populations. Here, 

a physically isolated cavity was fixed in the center of larger chamber, which allowed cells 

to fully surround the nested cavity in three dimensions (Figure 5.6d). Although the nested 

chamber remained vacant in this example, this microarchitecture represents a spatial 

arrangement that could be used to isolate two groups of cells but still allow them to 

communicate chemically via diffusion through the structure walls. The multi-component 

structure in Figure 5.6b illustrates a second approach for creating physically isolated 

colonies capable of chemically interacting with nearby populations. In this 

microstructure, six P. aeruginosa communities were patterned in separate 3D 

microspheres with various portions of the walls surrounding each structure shared 

between adjacent colonies (Figure 5.6b).  

Alternatively, the geometry shown in Figure 5.6c demonstrates a possible 

configuration for studying interactions between groups of cells that are both physically 

and chemically connected. In this example, individual P. aeruginosa cells were originally 

arranged in the three separate spheres and were free to swim throughout the entire 
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structure once the sample was rehydrated (Figure 5.6c). Interestingly, the motile bacteria 

primarily congregated in one of the spheres, and did not begin to colonize the channels or 

the other spheres until after the first region of the structure became tightly packed, 

causing the protein walls to expand. 

The different scenarios presented in Figure 5.6b-d represent three conceivable 

types of structures that could be fabricated in situ to investigate social behaviors and 

cellular responses between multiple, spatially defined bacterial populations. Although 

these demonstrations all used P. aeruginosa, similar 3D geometries could be used for a 

wide range of experiments involving bacterial species. For example, a microstructure 

similar to the three physically interconnected spheres could be used to examine how 

motile cells colonize a 3D microenvironment in the presence of nonmotile cells that are 

seeded in particular locations within the confined volume. Additionally, as discussed in 

the previous chapters, the responsive properties of these materials are tunable by varying 

the fabrication parameters that influence the crosslinking density, which could provide a 

means to modulate the rate of chemical exchange between adjacent colonies.   

5.3.3 Probing Polymicrobial Interactions using Gelatin-Based Microfabrication 

The preceding sections in this chapter established gelatin-based MPL as a 

biocompatible technique to create defined microenvironments in situ for culturing Gram-

positive, Gram-negative, nonmotile, and motile bacteria. The studies in this section 

combine various attributes of the fabrication strategies discussed in the previous sections 

to engineer confined polymicrobial communities of S. aureus and P. aeruginosa – two 

opportunistic pathogens that regularly form persistent co-infections in clinical 

environments, such as catheters, chronic wounds, and the lungs of cystic fibrosis patients 

[13, 36-42]. As S. aureus has been shown to form dormant or slow growing small colony 

variants (SCVs) as a survival mechanism in the presence of P. aeruginosa [36-38, 42], 
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initial experiments were performed to determine whether the S. aureus cells could grow 

in a confined co-culture with P. aeruginosa (Figure 5.7)  

 

 

Figure 5.7: In situ fabrication of a physically mixed polymicrobial community of           
S. aureus and P. aeruginosa. A rectangular microstructure was fabricated 
around S. aureus and P. aeruginosa cells embedded together in a 
MB/gelatin/BSA gel prepared in TSB (top left image, “t = 0 h”). A time-
lapse image sequence of the cells was acquired over the course of 10 h at 
37°C, demonstrating that both species were actively growing in the co-
culture environment. S. aureus and P. aeruginosa cells are false-colored red 
and blue, respectively, for visualization in the top left image (“t = 0”). The 
microstructure chamber was fabricated to have a nominal height of 20 μm 
and a nominal roof thickness of 2 μm. Scale bar, 10 μm. 

In these experiments, MB-conditioned S. aureus cells were mixed with a              

P. aeruginosa culture, and the two species were immediately embedded in a 

MB/gelatin/BSA gel for in situ fabrication. Rectangular microstructures were fabricated 

around areas containing clusters of 1 – 3 S. aureus cells and 1 – 3 P. aeruginosa cells, 
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together. Images acquired at 37°C over a 10-h period verified that both species were 

viable after fabrication and growing in the confined co-culture environment (Figure 5.7). 

The two species continued to divide and fill the microstructure to such a high density that 

it began to expand (Figure 5.7, images in the bottom row) until the roof eventually burst 

after ~12 h of growth (image not shown). 

 Next, the capacity to control the spatial distribution and population density of 

each species independently within a polymicrobial microenvironment was explored by 

creating nested structures in a multi-step fabrication process (Figure 5.8). 
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Figure 5.8: Spatially organizing chemically connected, but physically isolated 
polymicrobial communities of S. aureus and P. aeruginosa cells. (a) An 
image series of S. aureus cells in a rectangular cavity nested within a larger 
shell containing P. aeruginosa cells was acquired over the course of 10 h at 
37°C. The images show that both the S. aureus and P. aeruginosa divided 
and formed high-density colonies within their respective chambers.            
(b) Left: A brightfield image shows a low-density S. aureus colony in a 
rectangular cavity nested inside a larger rectangular cavity containing a 
high-density P. aeruginosa population. Right: The ViaGram Red stain kit 
used caused the surface of Gram-positive cells to appear red, live cells to 
appear blue, and dead cells to appear green. Staining the cells with this kit 
revealed that the majority of the confined cells were still viable. (c) Left: A 
brightfield image shows a high-density S. aureus colony in a dome-shaped 
microstructure nested inside a larger chamber containing a high-density      
P. aeruginosa population. Right: The cells were stained using the BacLight 
Live/Dead kit, which caused live and dead cells in the isosurface to appear 
green and red, respectively. A top-down view of an isosurface created from 
a 3D reconstruction of confocal fluorescence with the top of the structure 
sliced off shows the 3D geometry of the inner cavity. The S. aureus cells are 
not visible in the through the isosurface of the inner dome. All structures 
were created in a two-step fabrication process. First, the inner cavity was 
fabricated around S. aureus cells, and then surrounded on all sides (except 
the glass surface) by a second structure fabricated around P. aeruginosa 
cells. Both stain kits caused the structure to fluoresce in the red channel. 
Scale bars, 10 μm. 
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The studies in Figure 5.8 demonstrate that gelatin-based MPL enables the 

organization of multiple species in physically isolated, defined patterns that maintain 

complex relationships to one another within a single microenvironment. Here, an inner 

cavity was fabricated around S. aureus embedded in MB/gelatin/BSA, and after 

rehydration, a second fabrication gel was added to the sample well with P. aeruginosa 

embedded, and an outer chamber was fabricated around the initial cavity containing        

S. aureus. Monitoring the growth over a 10-h period at 37°C confirmed that both species 

survived the in situ fabrication process and divided to form high-density populations 

within their respective chambers (Figure 5.8a). Varying the density of cells embedded in 

the precursor gel for either fabrication step, or allowing the confined cells to grow in the 

protein cavity prior to introducing the second species to the microenvironment, provides 

a means to examine how polymicrobial interactions and responses modulate at different 

cell densities. For example, the images in Figure 5.8b show a low-density S. aureus 

colony of < 10 cells nested within a high-density P. aeruginosa population, whereas the 

nested cavity in Figure 5.8c contains a high-density S. aureus community. These studies 

also illustrate the flexibility offered by this fabrication approach to vary confinement 

geometry, which could enable a multitude of experiments that investigate how colony 

morphology may influence cellular growth and group responses in polymicrobial 

communities.   

S. aureus and P. aeruginosa are known to use a number of complex interactions 

that allow each species to thrive within in vivo co-infections [36-40]. The ability to 

arrange S. aureus and P. aeruginosa in co-cultured microenvironments using this 

technique allows us to probe the diverse range of interactions between these species 

within clinically relevant population sizes. Some of these interactions can negatively 

impact one species, such as the production of extracellular compounds that can cause       

S. aureus cells to lyse and allow P. aeruginosa to use S. aureus as an iron source in vivo 

[39, 41, 82]. However, certain responses, including the formation of SCVs by S. aureus 
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can enhance the survival of one species without harming the other [37, 38]. Furthermore, 

in some instances, the behavior of one species can even be beneficial to other species 

present in the infection, such as the production of β-lactamase enzymes by P. aeruginosa 

[37, 43-48]. The plasmid pMRP9-1 that causes the P. aeruginosa strain used in work 

presented in this chapter to constitutively expresses gfp confers resistance to carbenicillin 

(for plasmid selection) by overproducing β-lactamase enzymes that degrade the antibiotic 

[49]. Therefore, we predicted that S. aureus would be less susceptible to β-lactam 

antibiotics in a co-cultured microenvironment where P. aeruginosa is overproducing       

β-lactamase enzymes. Initial experiments have shown the potential utility of this 

biocompatible fabrication platform to study complex polymicrobial interactions by 

further examining the concept that P. aeruginosa can protect S. aureus from ampicillin, a 

β-lactam antibiotic, in co-cultured populations (Figure 5.9).  
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Figure 5.9: Studying polymicrobial interactions between S. aureus and P. aeruginosa 
using gelatin-based protein microstructures. The ability of P. aeruginosa to 
increase S. aureus resistance to ampicillin by producing β-lactamases was 
evaluated by dosing S. aureus cells in confined microcavities for 2 h with 
the MIC of ampicllin under the following conditions: with no P. aeruginosa 
in the sample well (left panel and blue bar), isolated in monoculture with 
some P. aeruginosa in the surrounding environment (middle panel and red 
bar), and nested within a dense shell of P. aeruginosa (right panel and green 
bar). Survival was assessed using a BacLight Live/Dead stain and confocal 
microscopy (dead and live cells appear red and green, respectively).            
S. aureus cells encased in a shell of P. aeruginosa had the lowest percentage 
of dead cells (21 ± 3%), followed by the S. aureus populations with             
P. aeruginosa in the surrounding environment (61 ± 7%). In comparison, 
the ampicillin dose was most effective for S. aureus colonies in the absence 
of P. aeruginosa (82 ± 11% dead). All structures were fabricated in the 
same manner as described for Figure 5.8. The error represents one standard 
deviation (N ≥ 4, with two biological replicates). Scale bar, 10 μm. 
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In these initial experiments, S. aureus cells growing in confined microchambers 

were dosed for 2 h using the MIC of ampicillin under three different growth conditions 

(Figure 5.9). The 2-h ampicillin dose only killed 21 ± 3% of the S. aureus cells nested 

within populations of P. aeruginosa (Figure 5.9, green bar). Interestingly, in comparison 

to the S. aureus populations dosed with no P. aeruginosa present (82 ± 11% dead), the    

S. aureus cells in the same sample well with P. aeruginosa exhibited an increased 

resistance to the antibiotic, where 61 ± 7% of the cells were observed to be dead       

(Figure 5.9). Although more experiments are needed, these initial results demonstrate the 

ability to use this fabrication platform and gelatin-based protein materials to study 

complex interactions within polymicrobial communities in a systematic manner. Further 

studies will seek to confirm the mechanism of protection from ampicillin using              

β-lactamase inhibitors, such as clavulanic acid, a wild-type P. aeruginosa strain, and          

P. aeruginosa knockout strains that do not produce β-lactamases.  

5.4 CONCLUSION 

The studies in this chapter establish gelatin-based MPL as a biocompatible 

fabrication technique for patterning materials having a range of valuable attributes. This 

microfabrication strategy extends the ability to create freeform multilayer structures using 

MPL without using solvents that can be biologically harmful by exploiting the 

mechanically stable, solid network formed by gelatin below ~35°C. In addition to 

supporting freeform fabrication, this flexible platform can provide a suitable reagent to 

fabricate samples over long periods of time and to store microstructures post-fabrication. 

Photocrosslinked gelatin materials were shown to exhibit the functional properties of 

other proteins that were integrated into the precursor gel used for fabrication, which was 

illustrated by incorporating mucin and BSA into the gelatin matrix and assessing     

WGA-binding and photo-induced volume expansion of these materials, respectively.  
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Gelatin-based MPL was demonstrated as a biocompatible approach for 

performing microfabrication in the presence of bacteria. This capability further broadens 

the uses of protein-based MPL as a tool for creating defined bacterial microenvironments 

by overcoming several limitations posed by solution-based MPL. This gel-based strategy 

provides a facile means to confine and organize nonmotile, motile, Gram-positive, and 

Gram-negative bacteria for studying group behaviors in complex geometries that 

potentially model a variety of in situ environments. The demonstrations of in situ 

fabrication in sections 5.3.2 and 5.3.3 using S. aureus and P. aeruginosa show some of 

the many possible cellular experiments this technique could enable using 3D 

microstructures, physically and chemically connected confined environments, and 

varying cell densities. Finally, the ability to pattern polymicrobial communities was 

employed to study how interspecies interactions between S. aureus and P. aeruginosa 

increase S. aureus resistance to ampicillin. 
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