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This manuscript describes the fabrication of bacterial surface arrays by using photolithographic 

techniques having in addition some particularly interesting features. The methodology 

employed is based on the crosslinking and degradation processes occurring in polystyrene 

upon exposure to UV light. As a result of both processes, this approach produced different 

patterns depending not only on the mask but also depending on the experimental conditions 

employed. Patterns with nanoscale resolution were formed without the requirement of 

expensive fine focalization settings. More interestingly, the feasibility of this strategy to 

incorporate functional groups to modulate the affinity between the bacteria and the surface is 

demonstrated. In particular, hydrophilic segments, i.e. poly(acrylic acid) that favor the 

bacterial immobilization were introduced. The strategy employed allowed not only the 

incorporation of functional groups but also permits to fine tune the amount of hydrophilic 

functional groups. This unique feature has been used to determine the role of the surface 

hydrophilicity on the adhesion of Staphylococcus aureus (S. aureus) onto the different surface 

patterns. Finally, those surfaces in which both the photodegradation and photocrosslinking 

occurred produced thin patterns largely below the micrometer that have been employed to 

prepare arrays of isolated S. aureus bacteria. The formation of bacterial arrays of S. aureus on 

the single-cell level has been a challenge since they exhibit a large tendency to grow in 

clusters. This technology has a great potential for the isolation of single bacteria for diagnosis, 

and the study of bacteria populations at the single cell level. 

 

Introduction 
 

The immobilization of microorganisms onto solid surfaces has 

been extensively studied during the last decade. Bacterial cells 

adhere almost to any kind of abiotic surface that serves to grow and 

finally form a biofilm1-3. The interest of preparing surfaces with 

either adherent or repellent properties towards microorganism has 

received an increasing interest for many different reasons. On the 

one hand, antifouling surfaces prepared using water repellent 

polymers or by anchoring antimicrobial compounds may prevent 

implants from contamination, reducing device-associated infections4. 

On the other hand, surfaces capable to immobilize and remove 

microorganisms in a controlled manner have been equally explored 

for a rather broad range of applications ranging from cellular 

biology, biofilm construction to the elaboration of more 

sophisticated systems such as biosensors, or biomolecular motors5-12. 

Whereas studies have been mainly focused on the removal of 

bacteria from surfaces several groups have been during the last 

decade interested in the development of surfaces in which the 

microorganisms are distributed in a controlled manner. Bacterial 

microarrays on surfaces have the potential to be employed in the 

diagnostics of different diseases13, 14 microbial ecology15, genotoxin 

monitoring16 and environmental monitoring17 including the 

monitoring of heavy metals in the environment18 or as assays of gene 

expression19. Patterned bacterial surfaces have been equally 

employed for to fabrication of in vitro model systems for 

fundamental studies of bacterial processes such as quorum sensing17, 

20-22 and horizontal gene transfer23-25.  

Precise immobilization of microorganisms and in particular 

bacteria onto surfaces have been achieved by using different 

fabrication approaches such as soft lithography26, microcontact 

printing using micropattterned stamps27, 28 or replication molding10-

12, 29  or different lithographic approaches including capillary 

lithography30, electron-beam lithography31, dip-pen 

nanolithography10, 32 or photolithography33, 34 or onto functional 

multilayers35, inkjet printing. 36 

Typically, the above mentioned approaches succeeded in the 

immobilization of bacteria on micrometer size regions where, rather 

than isolated, the bacteria appeared to form aggregates.29, 37 

According to our knowledge, only few examples reported the 

controlled immobilization of single bacteria.7, 38 The immobilization 

of isolated bacterial cell has been accomplished by using  expensive 

approaches or time-consuming multistep procedures including dip-

pen nanolithography7, photolithography39 or structural 

transformation by electrodeposition on patterned substrates.38 Kasas 

et al.40 and later Dufrêne and coworkers41 employed an alternative 
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and immobilized single bacterial cells onto Millipore filters with 

comparable sizes to the dimensions of the cell. In spite of the simple 

and inexpensive solution the last strategy is limited to the round 

shape features and the polydispersity of the pores.  
Within this background, in this manuscript we describe the 

formation of different surface patterns by using a photolithographic 

based technique that do not require the use of high resolution masks 

or clean rooms to fabricate surface patterns with micrometer and 

submicrometer resolution. The principle of this approach is based on 

the use of polystyrene (PS) as a polymer matrix of a blend. 

Polystyrene may undergo either crosslinking or degradation 

reactions depending on the UV-light irradiation conditions 

employed. More interestingly, as will be described in detail, radical 

diffusion between the exposed-non exposed areas permits to 

crosslink in this region with submicrometer precision. Moreover, as 

mentioned by Anselme et al. 42 photolithography has been typically 

limited to create topographical structures without the modification of 

the surface chemistry. Our approach allowed us to precise control 

the chemical functionality by using copolymers as additives in the 

PS polymer matrix. As will be described, the chemical functionality 

will favor the bacterial attachment. More precisely, an amphiphilic 

block copolymer with hydrophilic PAA groups that will enhance the 

contact with the bacteria was employed. 

As a model bacterial strain to be immobilized S. aureus, a Gram 

positive bacteria that causes a broad number of infections in humans, 

being the leading cause of hospital acquired infections has been 

selected. In particular meticillin-resistant S. aureus (MRSA), a 

variant resistant to many antibiotics is an emerging threat to public 

health. S. aureus is spherical shaped bacterium (coccus) of about 1 

micrometer diameter. S. aureus usually grow in grape-like clusters 

of several individuals43 Therefore, the isolation of individual 

bacterium for identification and diagnostic purposes is of highly 

interest. 

 

Experimental section 

 
Polystyrene (PS), Irgacure 651 (IRG 651 - 2,2-dimethoxy-1,2-

diphenylethan-1-one) (Ciba®), and the rest of solvents were 

employed as received. Glasses with 0.15 mm thickness (Menzel-

Glaser) were employed as covers to limit the UV-light exposure. As 

a substrate microscope slides with a 1 mm thickness (Menzel-

Glaser) were used The masks used for this study were copper grids 

typically used for transmission electron microscopy (using masks 

with different shaped features, composed of lines, hexagonal or 

squares and with variable pitch from 62 to 12.5µm pitch). 

The synthesis of the block copolymers was achieved by either 

two consecutive controlled radical polymerization steps  using 

ATRP (Polystyrene-block-poly(acrylic acid) (PS23-b-PAA11) and 

polystyrene-b-poly[poly(ethylene glycol) methyl ether methacrylate] 

(PS-b-PEGMA) or combining the controlled radical polymerization 

win the ring-opening polymerization of N-carboxyanhydrides 

(Polystyrene-b-poly(L-glutamic acid) (PS-b-PGA), For a detailed 

description on the synthesis the reader is referred to the supporting 

information. 

The 1H and 13C NMR spectra were registered at room 

temperature in CDCl3 solution in Varian INOVA-300. Chemical 

shifts are reported in parts per million (ppm) using as internal 

reference the peak of the trace of deuterated solvent (δ 7.26). Size 

exclusion chromatography (SEC) analyses were carried out on 

chromatographic system (Waters Division Millipore) equipped with 

a Waters model 410 refractive-index detector. Dimethylformamide 

(99.9%, Aldrich) containing 0.1% of LiBr, was used as the eluent at 

a flow rate of 1 mL min-1 at 50 ºC. Styragel packed columns (HR2, 

HR3 and HR4, Waters Division Millipore) were used. Poly(methyl 

methacrylate) standards (Polymer Laboratories, Laboratories, Ltd.) 

between 2.4x106 and 9.7x102 g mol-1 were used to calibrate the 

columns. The molecular weights were estimated against these 

poly(methyl methacrylate) standards.  

Atomic force microscopy (AFM) measurements were conducted 

on a Multimode Nanoscope IVa, Digital Instrument/Veeco operated 

in tapping mode at room temperature under ambient conditions. All 

the images are height images in which the clearer color corresponds 

to elevated areas whereas the darker color is related to deeper areas. 

Elevated areas result upon crosslinking since these areas are not 

removed upon rinsing. On the contrary, deeper areas correspond 

either to non-crosslinked or degraded areas. 

For the preparation of the thin films a 30 mg mL-1 solution of PS 

homopolymer in THF was spin coated onto glass covers at 2000 rpm 

during 1 min. These films were then irradiated under UV spot light 

irradiation from source Hamamatsu model Lightningcure L8868 

provided by an Hg-Xe lamp with 200W power. The incident light 

intensity was focused on the samples with an optic fiber placed at a 

constant distance of 5.5 cm with either 50% or 100% of the total 

intensity of the lamp using a TEM copper grid as a mask, with 

different size and/or shape. After irradiation the films were rinsed 

with THF in order to remove both degraded and non-crosslinked 

polymer.  

 

Bacterial adhesion tests 

S. aureus strain RN4220 carrying the plasmid pCN57 for Green 

fluorescent protein (GFP) expression (generous gift from Iñigo 

Lasa’s Laboratory at Instituto de Agrobiotecnología, UPNA-CSIC-

Gobierno de Navarra) was grown overnight at 37ºC in Luria-Bertani 

(LB) media with erythromycin (10 µg/ml). The cells were 

centrifuged and washed three times in PBS buffer (150 mM NaCl, 

50 mM Na-phosphate pH 7.4). The solution was adjusted to a cell 

concentration that corresponds to an optical density (OD) at 600 nm 

of 1.0 checked using an UV-VIS Varian Cary 50 spectrophotometer.  

The different patterned polymeric surfaces were incubated for 

periods ranging from 1 to 4 hours with a bacterial suspension at OD 

= 1.0 in PBS buffer with 0.05 % Tween 20. After incubation the 

surfaces were washed with PBS three times during 15 minutes.  

Bacteria adhesion was monitored by fluorescence microscopy 

using a Leica DMI-3000-B fluorescence microscope. Images were 

acquired using different magnifications (x10, x20, x40 and x63) and 

the corresponding set of filters for imaging green fluorescence and 

bright field. Also Scanning Transmission Electron Microscopy 

(STEM) images were taken using a FESEM apparatus HITACHI 

SU8000. Samples for STEM were previously immersed in Formalin 

10% solution neutral buffered (Aldrich), washed first with water and 

then with water/ethanol solutions in increasing proportion up to 

100% ethanol. 

 

Results and discussion 

 
Polystyrene (PS) is among the most extensively employed 

polymers due to their optical properties (transparency), the 

possibility to chemically modify its structure and polymerize with a 

broad amount of monomers or their easy processability. These 

characteristics have converted this material in a commonly used 

material among others in many biorelated applications such as in cell 

adhesion studies 44, the fabrication of medical devices able to 

measure the electrical activity of cells45 or to improve the 

hemocompatibility.46 

PS has been patterned by using different techniques including 

hot embossing47, breath figures48-50, polymer dewetting on 

chemically patterned substrates51, 52, by using soft-lithography to 

pattern silicon substrates grafted with polystyrene chains 53, by UV-
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laser radiation to produce  micro-drilling45 or by scanning 

electrochemical microscopy. 44 In addition, polystyrene can be 

photocrosslinked/photodegraded by using UV light. The use of this 

approach has particular advantages. As has been depicted before the 

use of a single mask allow us to prepare surfaces with variable 

surface patterns depending on the extent of 

photocrosslinking/photodegradation. As will be shown, the 

possibility to pattern at the interface between the exposed and non-

exposed areas permits to achieve resolutions largely below the mask 

employed. Moreover, in contrast to such techniques as hot-

embossing, the patterning can be carried out at room temperature so 

that the use of copolymers based on polystyrene that may degrade 

upon heating can be employed as additives. 

Photocrosslinking has been typically carried out using different 

materials in order to create structured surfaces with more or less 

resolution but usually without paying special attention to their 

functionality 42. Within this context, our group reported the use 

functional copolymers having styrene units and comonomers with 

either hydrophilic or hydrophobic functional groups to vary the 

surface chemical composition.54, 55 In particular a large number of 

studies evidenced that surface hydrophilicity plays a key role on the 

protein immobilization and subsequent cell attachment. Herein, we 

will explore the possibility to modify the surface chemical 

composition and their role on the bacterial adhesion. For that 

purpose, in order to promote bacterial attachment on the 

photogenerated surface patterns an amphiphilic block copolymer 

was mixed with a polymer matrix (linear polystyrene). Thus, films 

composed by polystyrene (employed as reference), and an 

amphiphilic block copolymer (for instance, polystyrene-block-

poly(acrylic acid) (PS23-b-PAA11) or blends of both components 

(Figure 1) were irradiated in order to produce different surface 

patterns. 

 

 
 

Fig. 1 Homopolymer (PS) and block copolymer (PS23-b-PAA11) 

employed in the preparation of the substrates with photogenerated 

patterns. (A) Polystyrene (PS), (B) blends of  PS and an amphiphilic 

block copolymer PS23-b-PAA11 and (C) films composed exclusively 

by the amphiphilic block copolymer. 

 

The fabrication of different surface patterns that will serve as 

platforms to anchor the bacterial cells by UV-irradiation of the 

polystyrene based surfaces is schematically illustrated in Figure 2. 

In this particular case a square shaped mask (pitch 25 µm, bar 6 µm 

and hole 19 µm) has been employed. Equally, the AFM images 

obtained for each structure and their cross-sectional profiles are 

included. As depicted in Figure 2(A), at short irradiation times, the 

regions directly exposed are crosslinked as a consequence of the 

radical formation and interchain recombination. On the contrary, 

below the mask the polymer did not receive UV light and, therefore, 

did not crosslinked. Upon rinsing, the polymer below these areas 

could be completely removed. In this case, the pattern obtained is the 

negative of the mask. 

 

 
 

Fig. 2 Structures obtained as a function of the duration of the UV 

treatment. (A) Square-shaped pattern, (B) closed boxes, (C) 

crosshatched pattern and (D) micrometer size pillars. 
 

Upon longer irradiation times photodegradation appears to play a 

major role. In those samples that have been irradiated during longer 

times (Figure 2(B)) it can be observed that at the interface between 

exposed/non-exposed areas, a thin region (from 200-300 nm on top 

up to 2 µm on their base) is formed by crosslinked polymer. 

According to our observations, in these regions placed at the limit 

between directly exposed/protected areas the radicals diffused from 

the exposed areas to the non-exposed producing the crosslinking of 

the polymer. Taking into account that polystyrene is in a glassy state 

at room temperature the diffusion is limited and therefore the pattern 

resolution is rather sharp. This is an interesting aspect since by using 

this approach different surface patterns with resolutions largely 

below the resolution provided by the mask employed can be 

obtained. More precisely, according to the AFM cross-sectional 

profiles of Figure 3 the half-path width observed is ~1.1 µm and the 

measured radius on top of the patterns ~200-300 nm. 

The radical diffusion towards the non-exposed areas is 

accompanied by the photodegradation. Thus, as depicted in Figure 

2(C) the front crosslinked-degraded moves even below the mask. As 

a result, rather than open boxes the formation of a crosshatched 

pattern was observed. More interesting the half-path width for this 

particular structure is around 1.2 µm as measured by AFM. Finally, 

photodegradation progresses when using longer irradiations and, as 

observed in Figure 2(D) only the areas below the crossing points of 

the mask remained crosslinked. As a result, micrometer size pillars 

can be produced with a characteristic distance between them 

provided by the mask employed. In this study, the pillar spacing has 

been varied between 62 µm and 12,5 µm.  

In summary, this approach has, thus, two interesting features: on 

the one hand, upon larger exposure, degradation of PS occurs as side 

reaction in those areas directly exposed to the UV irradiation. So 

that, in principle, it is possible to control the pattern by changing the 

experimental conditions (time, UV intensity, etc.). Moreover, since 

crosslinking can be achieved at the exposed-non exposed interface 

and due to the low radical diffusion in this region the pattern 

resolution obtained improves the resolution of the mask employed. 
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Fig. 3 Top: Cross-sectional profile and 3D AFM image of the open 

boxes structure with the dimensions on the half-height of the pattern 

(1.1-1.2 µm) and the diameter on the top of the pattern (~200-300 

nm).  Down: Model of the structure formed as a consequence of the 

complete photodegradation of the directly exposed areas and radical 

diffusion towards the non-exposed regions. 

 

Using these patterned and functional surfaces (taking advantage 

of the photocrosslinking/photodegradation of PS and simultaneously 

varying the surface functionality) the formation of bacterial arrays 

onto polymer surfaces was investigated. The combination of both 

aspects will allow us to study both the influence of the surface 

chemical composition that will be achieved by introducing 

hydrophilic poly(acrylic acid) groups as additives and how can the 

final polymer pattern direct the bacterial attachment. For that 

purpose, polystyrene was either employed as unique component or 

partially combined with the block copolymers. Therefore, the 

hydrophilicity of the films can be varied depending on the amount of 

block copolymer introduced within the blend. 

Films of the blends were prepared by spin coating from 

tetrahydrofurane (THF) solutions with a concentration of 30 mg mL-

1. Upon UV-light exposure and removal of both degraded and non-

crosslinked areas by extensive rinsing, the patterned surface were 

incubated with S. aureus (employed as model bacteria). Bacterial 

solutions in physiological media were incubated for 1 hour and after 

thorough wash of the surface the bacteria immobilization was 

monitored by fluorescence microscopy. 

The first series of experiments were carried out using different 

chemical functionalities in order to find those functional groups that 

favor the bacterial immobilization. We explored four different 

systems: (a) polystyrene, (b) polystyrene-b-poly(acrylic acid) (PS-b-

PAA), (c) polystyrene-b-poly(L-glutamic acid) (PS-b-PGA) and (d) 

polystyrene-b-poly[poly(ethylene glycol) methyl ether 

methacrylate]) (PS-b-PEGMA) (Figure 4). The fluorescence images 

of the films evidenced that by using incubation conditions above 

depicted two materials, i.e. PS-b-PAA and PS-b-PGA exhibit a large 

amount of bacterial immobilization onto the patterns created by 

photocrosslinking (Figure 4b and 4c). These two systems exhibit 

carboxylic groups at the interface. Carboxylic groups at neutral pH 

values have negative charge at a consequence of the deprotonation of 

the acid group. In this situation we would expect that the repulsion 

between the carboxylic groups and the bacterial membrane would 

prevent the bacterial adhesion. On the contrary most probably due to 

the PBS buffer employed with physiological salt concentration the 

electrostatic repulsion is reduced and permits the bacterial cells to 

interact with the surface. 

 

 
 

Fig. 4 Fluorescence images of the S. aureus adhesion onto square 

shaped patterns obtained from (a) Polystyrene (PS), (b) PS23-b-

PAA11, (c) PS49-b-PGA17 and (d) PS45-co-PEGMA34. (Scale bars: 10 

µm). 

 

Upon finding the chemical functionality that favors the bacterial 

immobilization the following experiments were carried out by using 

the hydrophobic PS and a variable amount of PS23-b-PAA11 block 

copolymer. On these surfaces, the immobilization of the bacteria was 

first attempted from a solution at an OD of 1.0 that corresponds to a 

concentration of about 1.5 109 cells mL-1. As a result, whereas the 

pure polystyrene surfaces required at least 4 h of incubation to 

evidence the presence of S. aureus immobilized at the surface, the 

incorporation of an amphiphilic block copolymer PS23-b-PAA11 

significantly promote the bacterial adhesion for the substrates 

(results not shown here). As a consequence, incubation times as low 

as 1h resulted in surfaces with a significant bacterial coverage. More 

interestingly, a gradual increase of the hydrophilicity (as a 

consequence of the higher amount of block copolymers in the blend) 

significantly modifies the affinity of the bacteria towards the 

interface. In Figure 5, are depicted the fluorescence and bright field 

images of patterned surfaces prepared from PS/PS23-b-PAA11 blends 

with variable amount of PAA. An increase of the surface 

hydrophilicity is accompanied by an increase of the number of 

bacteria per motif. More precisely, whereas in the surface with no 

PAA isolated single bacteria in few of the motifs was observed, an 

increase to 25 wt% of block copolymer within the blend equally 

increases the number up to ~23±3 bacteria. Further increasing to 50 

wt% of block copolymer leads to 32±2 bacteria per square. Finally, 

by using either 75 wt% of block copolymer or the pure block 

copolymer the number of bacteria immobilized is close to 41±4. 

As expected, the surface having a larger amount of hydrophilic 

PAA clearly favors the immobilization of S. aureus on the patterned 

surfaces. In order to extent the concept to other surface structures the 

crosslinking experiments were carried out using different masks 

composed of lines, hexagonal or squares shaped features with 

variable pitch on surfaces formed exclusively by the block 

copolymer. In Figure 6 are depicted both the modeled surfaces with 

the different patterns and the resulting fluorescence images of the 

surfaces upon bacterial immobilization. The fluorescence images 

clearly evidenced the selective immobilization of a large number of 

S. aureus on the surface areas formed by crosslinked polystyrene 

whereas almost none bacteria can be observed on the regions where 

the polymer has been degraded. The results are equally selective in 
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the different patterned surfaces demonstrating that this is a general 

approach that can be used to generate different bacteria patterns by 

simply changing the mask used in the cross-linking process. 

 

 
 

Fig. 5 Fluorescence (left) and bright-field (right) images of the S. 

aureus adhesion onto square shaped patterns obtained from blends of 

PS and PS23-b-PAA11 with variable ratio between pure PS and pure 

PS23-b-PAA11. (Scale bar: 10 µm). 

 

As described above, the use of different masks serve to produce 

different bacterial arrangements. In addition, the control over the 

photodegradation/photocrosslinking kinetics allowed us, equally, to 

obtain different surface patterns. In this concern, the changes of the 

bacterial distribution on patterned films prepared exclusively with 

the PS23-b-PAA11 block copolymer and a unique mask depending on 

the pattern created at different irradiation times were evaluated. In 

Figure 7 are depicted the fluorescence images of the surfaces having 

different structural features upon immobilization of the bacterial 

cells. Figure 7 shows both the surface pattern and the subsequent 

bacterial arrays obtained upon immobilization of S. aureus. As 

expected, the photodegradation/photocrosslinking induced variations 

on the surface topography of the films from cubes (Fig. 7A) to 

pillars (Fig. 7D) producing, in addition, two intermediary structures 

i.e. open boxes (Fig. 7B) and crosshatched patterns (Fig. 7C). The 

immobilization occurs in all the cases selectively on the crosslinked 

areas as a consequence of the affinity between the bacterial cells and 

the hydrophilic carboxylic acid groups of the poly(acrylic acid) 

block. 

 

 

 

 

 
 

Fig. 6 Bacterial patterns obtained by crosslinking a PS23-b-PAA11 

block copolymer with UV light (365 nm) and subsequent exposure 

to a bacterial solution of S. aureus. (A) lines (thickness 22 µm), (B) 

hexagonal arrays (41x51 µm), (C), (D) and (E) square shaped 

patterns with decreasing pitch from 62 µm, 25 µm to 12.5 µm, 

respectively. The images in the left panel were acquired using a 20x 

amplification objective and in the right panel are shown close-up 

images of the same surfaces using a 40x amplification objective. 

 

 
 

Fig. 7 Variation of the surface pattern and the subsequent bacterial 

distribution as a function of the treatment employed, i.e. the 

irradiation times under UV-light. (A) Square shaped distribution 

(treatment: 15 min UV exposure), (B) open boxes (treatment: 30 min 

UV exposure) (C) crosshatched pattern (treatment: 1h UV exposure) 

and (D) pillars (treatment: 2h min UV exposure). Mask: square 

shaped feature with 25 µm pitch. 

 

In addition to the precise control of the bacterial immobilization 

of the surface patterns one of the main objectives of this study is the 

immobilization of S. aureus cells to form single cell arrays. 

Previously reported literature focused on other types of bacteria such 

as Escherichia coli11, 35 or Pseudomonas aeruginosa32 while S. 

aureus in spite of their major role in multiple infection diseases has 

been somehow neglected. This is probably due to the large tendency 

of S. aureus to form aggregates that difficult their isolation and 

immobilization as single cells.43, 56 In order to immobilize S. aureus 

as single entities the surface patterns created by crosslinking at the 
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exposed-non exposed areas were employed. In these cases, due to 

the high resolution of the pattern (1µm and below) which is even 

below the dimension of the S. aureus diameter (~1 µm) we expect to 

anchor single cells on top of the micrometer/submicrometer size 

pattern. The resulting bacterial arrays obtained are depicted in 

Figure 8. On the top [(A), (B)] are depicted the surface patterns 

obtained with short UV-exposures and subsequent bacterial 

immobilization monitored by fluorescence microscopy (central 

panels) and by STEM (right panels). On the bottom [(C), (D) and 

(E)] the bacterial arrays on different surface patterns generated by 

photocrosslinking on the edge (shadow-illuminated) areas of the 

mask. The A and Bpanels demonstrated the capability of the surface 

to immobilize S. aureus in different shapes. However, as has been 

already mentioned the bacteria are distributed forming large clusters 

on top of the pattern. On the contrary, the immobilization of S. 

aureus on the submicrometer patterns exhibits a different behavior. 

As can be observed in Figure 8 (C) and (D) the bacteria can be 

aligned on top of the patterned surface as a consequence of the large 

affinity between the bacteria and the hydrophilic PAA groups. As a 

consequence either corrals or lines of bacteria can be easily 

constructed. More interestingly, larger irradiation times using a 

square shaped mask leads to micrometer size pillars in which a 

single bacteria can be immobilized (Figure 8(E inset). 

 

 
 

Fig. 8 Surface bacterial patterns generated using short irradiation 

times (panels, A and B) and upon longer irradiation where the 

directly exposed areas have been photodegraded (panels C, D and 

E). Masks employed (A and C) squares with a pitch of 25 µm, (B 

and D) lines with a width of 22 µm and (E) squares with a pitch of 

12.5 µm. The fluorescence microscopy (central panels) and STEM 

(right panels) images show the selective immobilization of 

fluorescent S. aureus bacteria. C, D and E included an inset with a 

close-up image showing individual bacteria immobilization. 

 

In summary, the simple approach depicted herein allows the 

formation of a large variety of surface patterns depending on the 

mask employed and the chemical composition of the polymer blend 

employed. Among others, as demonstrated herein this approach can 

be employed for the selective adhesion both of single bacteria in 

pillars and single bacteria alignment. One can envision many 

potential uses of these platforms. For example, the isolation of 

cluster growing bacteria can be applied for individual identification 

and diagnosis. The isolated positioning at the surface might be 

critical in the cases that are many variants of the same bacterial 

strain but only some associated with disease, such as in the 

antibiotic-resistant infections. Another broad field of application of 

these single cell array platforms concerns the study of different 

biological processes at the single cell level in a large bacteria 

population. Those studies have great relevance, for instance, to 

unravel biological stochastic processes, including gene expression 

because it has been shown that not even genetically identical cells 

behave the same.57-60 

Conclusions 

 The formation of bacterial surface arrays by using a 

photolithographic approach having some particular features has 

been described. First, the methodology employed permitted the 

incorporation of functional groups able to modify the affinity 

between the bacteria and the surface. Thus, the incorporation of 

hydrophilic segments, i.e. PAA favors the bacterial 

immobilization. Second, the amount of hydrophilic segment 

introduced can be finely tuned by preparing blends of the block 

copolymer and linear polystyrene. This unique feature has been 

employed to determine the role of the surface hydrophilicity on 

the adhesion of S. aureus onto the different surface patterns. 

More interestingly, the photolithographic approach employed 

produced different patterns not only depending on the mask 

employed but also depending on the experimental conditions 

applied. As a consequence, by using standard equipment 

without the requirement of expensive fine focalization settings 

lead to the formation of patterns with nanoscale resolution. The 

latter has been found to be crucial in order to prepare arrays of 

isolated bacteria as has been evidenced by using S. aureus. It 

has to be pointed out that the use of S. aureus has been up to 

know somehow neglected mainly due to their aggregation.  
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