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ABSTRACT 

Simple, low-cost, robust and scalable fabrication of microscopic linear barcodes with high levels of 

complexity and multiple authentication layers is critical for emerging applications in information security 

and anti-counterfeiting. This manuscript presents a novel approach for fabrication of microscopic linear 

barcodes that can be visualized under Raman microscopy. Microfluidic channels are used as molds to 

generate linear patterns of end-grafted polymers on a substrate. These patterns serve as templates for area-

selective binding of colloidal gold nanoparticles resulting in plasmonic arrays. The deposition of multiple 

taggant molecules on the plasmonic arrays via a second microfluidic mold results in a linear barcode with 

unique Raman fingerprints that are enhanced by the underlying plasmonic nanoparticles. The width of the 

bars is as small as 10 m, with a total barcode dimension on the order of 100 m. The simultaneous use of 

geometric and chemical security layers provides a high level of complexity challenging the counterfeiting 

of the barcodes. The additive, scalable, and inexpensive nature of the presented approach can be easily 

adapted to different colloidal nanomaterials and applications. 
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1. Introduction 

Barcodes are one of the most widely used approaches to encode information on a surface. The basis of 

barcodes is coding of numbers and letters into compact-sized labels, which consist of symbols spatially 

defined on a surface. Linear barcodes that are composed of a series of bars of varying widths separated by 

spaces are commonly utilized to track objects that range from simple merchandises to important documents 

[1]. These barcodes can be simply printed on paper and verified by scanners. This simplicity challenges 

their employment for the protection of valuable products or information-rich documents since it is 

straightforward to duplicate such visual barcodes. A first-order approach to increase the level of complexity 

is incorporating additional layers of security. The size-dependent properties of nanomaterials offer unique 

opportunities in fabricating barcodes with a precisely defined response based on various optical phenomena, 

including fluorescence, scattering, and absorbance [2,3]. In particular, fluorescence-based security labels 

have attracted significant interest. For example, the size-dependent luminescence from quantum dots is an 

effective means to increase the complexity of barcodes [4,5]. Both down-conversion [6] and up-conversion 

[7]  emitters, as well as their combinations [8], have been employed for the fabrication of security labels. 

Besides the emission wavelength, fluorescence lifetime [9] has been utilized as an encoding modality. The 

broad usage of fluorescence-based encoding of surfaces makes these technologies vulnerable to ever more 

sophisticated counterfeiters. This issue strongly motivates development of barcodes with a size and 

authentication mechanism that is difficult to counterfeit.  

Plasmonic metallic nanostructures present advanced routes for the fabrication of encoded surfaces. The 

basis of this capability arises from the unique size, shape, and composition-dependent interaction of 

nanostructures with light. For example, assembling different sizes of nanocubes onto templates prepared 

by electron beam lithography resulted in surfaces that have been encoded with spatially defined light 

absorption [10]. In another recent work [11], the light scattered by randomly positioned metallic 

nanoparticles (NPs) was utilized in the fabrication of encoded surfaces. Another unique characteristic of 

metallic nanostructures is the enhancement of fluorescence and Raman scattering [12,13]. Raman scattering 
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relies on inelastic scattering of light that is based on inherent vibrations of molecules. This material-

dependent behavior offers unique opportunities in the fabrication of Raman-active barcodes. The low 

probability of Raman scattering is a challenge, which results in extremely low intensity levels [14]. Surface-

enhanced Raman scattering (SERS) provides electromagnetic and chemical enhancement, addressing this 

fundamental challenge [15,16]. 

SERS-based encoded surfaces have been demonstrated to be highly effective for fabricating security labels 

[17]. In a series of valuable contributions, [18,19] Ling and coworkers have demonstrated the potential of 

SERS-active barcodes using spatially defined plasmonic structures fabricated by two-photon lithography 

followed by evaporation of metallic structures. Besides the geometric and vibrational coding, polarization 

[20] and z-dependence [21] of Raman scattering of multiple taggant molecules have been employed as 

novel routes for security labels. In a recent work, Li et al. [22] demonstrated facile fabrication of linear 

SERS barcodes with a length of ~5 cm based on the assembly of colloidal silver nanocubes assisted with a 

stencil mask. These studies highlight the significant potential of SERS-based barcodes. It is highly desirable 

to fabricate SERS barcodes at microscopic length scales using colloidal NPs via scalable, low-cost, and 

robust fabrication approaches.   

In the following, we present a purely additive and scalable approach to fabricate SERS-active linear 

barcodes. Microfluidic channels are employed as molds for patterned deposition of poly(ethylene glycol) 

(PEG) and Raman-active taggant molecules. First a microfluidic mold is used for patterned deposition of 

end-grafted PEG. A brief thermal annealing step allows grafting of these polymers onto the substrate 

surface resulting in linear templates for subsequent attachment of colloidal gold NPs. A second microfluidic 

mold is placed on the substrate to deposit Raman-active taggant molecules to define linear barcodes. The 

additive nature of the microfluidic molds allows the deposition of multiple taggant molecules at the desired 

locations with a high resolution. The result is microscopic linear barcodes that are geometrically and 

chemically protected against counterfeiting. An advantage of the presented approach is the robustness of 

the plasmonic barcodes, thanks to the strong binding of colloidal NPs to the end-grafted polymer layers.  
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2. Experimental  

2.1. Materials  

Silicon wafers (<100>, N/Phos) were purchased from Wafer World Inc. Sylgard 184 silicone 

elastomer kit from Dow Corning was used for the fabrication of polydimethylsiloxane (PDMS) 

molds. PEG (35.0 kg/mol, PDI: 1.02, BioUltra), methylene blue (MB) (purity 97%), chloroform 

(purity 99%) and rhodamine 6G (R6G) (purity >95%) were purchased from Sigma-Aldrich. SU-8 

2005 photoresist was purchased from MicroChem. Ethanol (purity 99%), methylene orange (MO) 

(ACS, reagent grade), N,N-Dimethylformamide (DMF) (purity 99.8%) were purchased from 

Merck. Citrate stabilized gold NPs were obtained from Ted Pella Inc.  

2.2. Characterization  

The topography of the surface was analyzed with AFM (Veeco Multimode 8) in tapping mode. 

The morphology of the substrate after immobilization of the gold NPs was analyzed using SEM 

imaging (Zeiss EVO LS10) that is performed at 20 kV. SERS measurements were taken on a 

WITec alpha M+ confocal Raman microscopy system equipped with 50× objective and 532 nm 

laser source (2 µm spot size, 0.1 mW power).  

2.3. Fabrication of PDMS Molds  

We designed multiple molds for patterned deposition of PEG and Raman-active taggant molecules.  

These molds resulted in linear barcodes in Code 93 system, when used sequentially for PEG and 

taggant molecules, 

Optical lithography masks for silicon master fabrication were designed using L-Edit CAD 

software. The designs were transferred to a mask writer (Heidelberg DWL 2000) and laser-printed 

on a 5 inch Cr/fused silica transparency photomask. Then, SU-8 2005 photoresist was spin-coated 
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(acceleration: 500 rpm/s, speed: 2500 rpm/s, time: 40 s) on a 4 inch diameter silicon wafer to 

obtain 5 µm resist thickness and prebaked on a hot plate at 65 °C for 1 min and 95 °C  for 3 min. 

Then, SU-8 layer was exposed to UV light under a mask aligner (EVG 620) at 80 mJ/cm2 intensity 

and post-baked on a hot plate at 65 °C for 2 min and 95 °C for 3 min. Finally, the resist was 

developed for 45 s and dried by nitrogen purge. For PDMS casting, we used a 15:1 base polymer 

to curing agent ratio to improve adhesion to the substrate during molding process. The PDMS 

mixture was prepared, degassed, and poured onto the SU-8 master and cured on a hot plate for 5 

h at 80 °C. Finally, the cured PDMS was peeled off from the SU-8 master, and inlet/outlet holes 

(1 mm diameter) were punched using a biopsy puncher. We aligned the PDMS mold to a bare 

silicon surface and brought them in contact without any plasma treatment. To prevent any leakage, 

we sandwiched the silicon/PDMS structure between two flat 3 mm-thick PMMA slabs, which were 

prepared using a CO2 laser cutter (Epilog Zing 30 W CO2 laser), in vector cutting mode at 1000 

dpi, 10 W power, 5 kHz frequency, and 5 mm/s translation speed.  

2.4. Patterning of PEG and taggant molecules via PDMS molds  

The PDMS molds were washed in DMF under sonication for 10 min and then dried at 90 °C for 2 

h.  The molds were then placed onto silicon substrates that were freshly cleaned in a UV-ozone 

chamber (Bioforce, procleaner) for 20 min.  A solution (~5 µL) of 6% w/w PEG in water was 

pipetted to the inlet of microfluidic channels and withdrawn from the outlet with the aid of a 

syringe pump. After the solvent evaporated, the PDMS mold was gently separated from the 

substrate, leaving behind linear arrays of PEG. To graft these PEG layers onto the surface, the 

patterned substrates were annealed in a glove box filled with argon at 180 °C for 5 min.  After 

annealing, the substrates were washed in chloroform, resulting in patterned end-grafted PEG 

layers, which were dried with nitrogen before use.   
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For assembly of plasmonic NPs on the patterned surface, a 150 µL volume droplet of citrate-

stabilized gold NPs was spotted on the patterned substrate and kept in a humid environment for 1 

h. The substrate was then washed in water under sonication for 2 min to remove excess and non-

specifically bound particles and dried with nitrogen.  

For the patterned deposition of Raman active taggant molecules, we first prepared solutions of 

R6G (100 µM), MB ( 1 mM), and MO ( 1 mM) in a co-solvent system consisting of 95% water 

and 5% ethanol. The solutions of taggant molecules were withdrawn to the channels with the aid 

of a syringe pump from the outlet. The mold was removed from the substrate slowly, to minimize 

damage to the patterned substrate. 

2.5. SERS measurements and characterization of security labels  

SERS measurements were performed after drying of the solvent. Unless otherwise stated, the 

taggant molecule is R6G, with a concentration of 100 µM throughout the study. To illustrate the 

homogeneity of the immobilized plasmonic gold NP arrays, SERS measurements were performed 

with mapping mode on an area of 25 µm × 60 µm with a step size of 0.5 µm and an integration 

time of 0.05 s. Each raw spectrum was baseline corrected before further analysis.  

3. Results and discussion 

Our approach to fabrication of SERS-active linear barcodes relies on microfluidic-assisted 

patterning of end-functional polymers and taggant molecules (Figure 1). In this approach, a soft 

PDMS mold is fabricated using masters with features defined via photolithography. The placement 

of this mold on a substrate results in formation of a network of microchannels that are connected 

to inlets and outlets. As originally developed by Whitesides and coworkers, ink materials that are 

dissolved in a solvent can passively fill these channels by capillary action, a process commonly 
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referred as micromolding in capillaries (MIMIC) [23]. The evaporation of solvent followed by 

removal of the mold results in patterned arrays of materials. In MIMIC, arrays of linear channels 

are filled by spotting ink solutions near the open ends of the channels. Advanced forms of this 

approach involve multiple inlets enabling patterning of different materials [24]. As opposed to 

passive capillary filling, active filling allows rapid filling of the microchannels with minimal 

dependence on the channel surface properties and viscosity of the solution. Active filling is 

especially critical for robust fabrication when working with high vapor pressure solutions. In this 

study, we employ an active filling strategy with three different molds on the same substrate for 

patterning end-functional polymer and Raman-active taggant molecules (Figure 1). We first 

fabricate linear arrays of plasmonic NPs by microfluidic-assisted patterning of end-functional PEG 

(Figure 1a) using Mold 1. After end-grafting the polymer via thermal annealing, these patterns 

serve as binding sites for the assembly of colloidal gold NPs. These linear arrays are SERS-active 

sites for two different barcode designs. To generate Raman-active regions in the geometry of 

barcodes of Code 93 system, we designed and fabricated two additional PDMS molds referred as 

Mold 2 and 3 (Figure 1b and 1c). These molds were placed orthogonal to the long-axis of the 

plasmonic arrays and were used to pattern Raman-active taggant molecules. In this design, the 

width of the plasmonic linear features determines the height of the linear barcode (Figure 1b and 

1c), whereas the individual bars are defined by taggant molecules.  

The approach here is that at properly chosen concentrations of Raman-active taggant molecules, 

intense and selective Raman signals will only arise in the intersections of the taggant molecules 

with the plasmonic arrays. This approach is key in fabricating discontinuous patterns in the 

geometry of linear barcodes via a microfluidic-assisted patterning approach. We patterned an 

exemplary barcode of characters A, B, and C in Code 93 system. In Barcode I (Mold 2, Figure 1b), 
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each character consists of a different Raman-active taggant molecule with a unique set of 

molecular vibrations. In the second design referred as Barcode II (Mold 3, Figure 1c), each 

character is composed of two types of taggant molecules.  

 

Figure 1. SERS-active linear barcodes by microfluidic molding. a) Linear arrays of plasmonic 

NPs are first fabricated by deposition of end-functional PEG through microfluidic Mold 1. The 

removal of Mold 1 is followed by thermal annealing to graft PEG chains onto the silicon substrate. 

Washing away excess material reveals linear arrays of end-grafted PEG. Plasmonic arrays are 

obtained by selective assembly of colloidal gold NPs through drop-casting followed by sonication 

in water. b,c) Two types of barcodes are fabricated on the plasmonic arrays using b) Mold 2, and 

c) Mold 3. In both cases, the molds are used for area selective deposition of Raman-active taggant 

molecules that consist of R6G, MB, and MO.  

Fabrication and characterization of the plasmonic array 
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Figure 2 presents schematic description and key results on the fabrication of the plasmonic patterns 

on a silicon or glass substrate. Our approach relies on linear arrays of end-grafted PEG layers for 

site-specific adsorption of colloidal gold NPs. Mold 1 was placed on a freshly cleaned substrate 

leading to microfluidic channels. An aqueous solution of PEG was supplied from the inlet, whereas 

the outlet was subjected to vacuum using a syringe pump in withdrawal mode to ensure complete 

filling of the channels (Figure 2a). The microfluidic mold was designed with multiple parallel 

channels and enables generation of multiple barcodes at a single run (See supporting information). 

The length, width, and height of the microchannels are 1000, 20, and 5 µm, respectively. After the 

complete filling of the channels, the tubing was removed from the PDMS mold for solvent 

evaporation. Then, the PDMS mold was gently removed and the patterned PEG was obtained 

(Figure 2b). The compliant nature of PDMS enables large area patterning of end-functional 

polymers (Figure 2e). AFM imaging (Figure 2f) confirms the deposition of PEG over the regions 

defined by the microfluidic channels. The patterned substrate was annealed under an inert 

environment at 180 oC for 5 min to graft the polymer chains onto the surface. Unbound polymers 

were washed under sonication. Drying of the substrate results in patterned end-grafted layers with 

in-plane dimensions defined by the microfluidic channel and the out-of-plane dimension set by the 

length of chains and grafting density (Figure 2c). The height of the end-grafted PEG layers was 8 

nm (Figure 2g), with a grafting density of 0.15 chains/nm2 (see supporting information). This 

suggests a moderate-density brush regime [25]. The selective adsorption of gold NPs was 

facilitated by dropping an aqueous solution on the patterned region (Figure 2d). After the 

immobilization process, the substrate was washed under sonication resulting in strongly bonded 

robust plasmonic arrays on the end-grafted PEG layer (Figure 2h).   
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Figure 2. Fabrication of plasmonic arrays using Mold 1. a-d) Schematic illustration of the process. 

a) Hydroxyl-terminated PEG is deposited through the mold. b) Following evaporation of the 

solvent and removal of the mold, patterns of PEG are obtained. c) A brief thermal annealing 

followed by washing leads to end-grafted PEG layers in regions defined by the microfluidic 

channels. d) A droplet of colloidal gold NP solution is placed on the patterned region followed by 
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washing under sonication in water. This process is repeated with spherical gold NPs with a 

diameter of 60 nm and 20 nm, respectively. The immobilization of gold NPs is depicted in the 

schematic. e-h) Characterization of the patterns. e) Optical microscope image of the patterned PEG 

polymers via Mold 1. f) AFM image of an individual deposited linear feature. g) AFM image of 

the end-grafted PEG layers with a thickness of 8 nm. h) SEM image of the plasmonic arrays of 

gold NPs on the end-grafted PEG layers.  

 

Selective adsorption of colloidal gold NPs on the patterns of end-grafted PEG layers prepared by 

thermal annealing and washing of the substrates results in plasmonic arrays over large areas 

(Figure 2h). SEM images showed uniform immobilization of the arrays of gold NPs. The 

plasmonic arrays were constructed from gold NPs of two different sizes: 60 and 20 nm in diameter. 

This type of arrangement of gold NPs enables high SERS activity, thanks to the focusing of 

electromagnetic fields in regions between two particles of varying sizes [24, 25]. To increase the 

density of the particles that are adsorbed on the end-grafted PEG layer, the gold NPs were 

immobilized on the surface at five repetitive cycles. Each cycle consisted of drop-casting of gold 

NPs, incubation and washing under sonication. 60 nm diameter particles were immobilized first, 

as the density of adsorbed gold NPs increases with the decreasing size of the colloidal particle. 

The immobilization densities of gold NPs on PEG patterns were calculated from SEM images as 

33 ± 2 NP/µm2 for 60 nm and 635 ± 45 NP/µm2 for 20 nm particles.  

SERS Barcodes: Patterning of taggant molecules on plasmonic arrays.  

Linear barcodes employ a series of lines and spaces to encode information on a surface. These 

barcodes are also referred as one dimensional, since the lines and spaces are positioned along a 
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single axis [28]. Among several conventions, Code 93 [29] uses three bars with varying widths 

and spacings to represent alphanumeric characters (Table S1). It has been previously demonstrated 

that Code 93 can be effectively used for SERS based linear barcodes [22].  A challenge associated 

with microfluidic molding-based approaches in fabrication of linear barcodes is the inability to 

pattern discontinuous features [30,31]. To circumvent this issue, we employ a sequential patterning 

process first to generate binding sites for plasmonic NPs (Mold 1) and then to pattern Raman-

active molecules (Mold 2 or 3). Mold 2 and 3 are used to deposit taggant molecules with linear 

features designed with line widths and separation distances that match the barcode design. 

Barcodes were chosen to represent ABC letters in Code 93 convention. Molds 2 and 3, consisting 

of barcode features, are placed in a direction that is orthogonal to the long axis of the plasmonic 

array (See supporting information).  

Mold 2 enables simultaneous patterning of three different Raman-active taggant molecules 

using three separate inlets (Figure 3a). The taggant molecule solutions are separately filled into the 

microfluidic channels forming a single character of the desired barcode (Figure 3b). The solutions 

introduced from the inlet were split into three parallel channels forming the three-line sections of 

the barcode. The microfluidic mold was designed to enable uniform filling of the channels by 

equating the hydrodynamic resistance of parallel channels. The calculation of the hydrodynamic 

pressure was done via Hagen-Poiseuille equation for rectangular channels using the first term of 

the Taylor series. The resultant channel dimensions are given in Figure 3b for character A. The 

detailed calculations are given as supplementary information. The mold is removed from the 

substrate following the complete filling of the channels and evaporation of the solvent (Figure 3c). 

To prevent any leakage of the taggant solutions from the channels and ensure complete filling of 

the channels, we used a co-solvent system that consist of 95% water and 5% ethanol. Using purely 
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water-based solvent hindered complete filling, whereas sole ethanol was prone to leakage. To 

further enhance the contact between the substrate and mold, the PDMS molds were prepared using 

a base polymer to curing agent ratio of 15:1 and PMMA slabs were employed to sandwich the 

substrate and PDMS molds. The thickness of end-grafted polymer is ~8 nm and the largest size of 

gold nanoparticles is 60 nm. This nanoscopic height difference is easily sealed by the PDMS mold. 

A unique advantage of the presented platform is that the barcodes are nearly invisible in 

the optical microscope (Figure 3d). Mapping the substrate via a Raman microscope reveals the 

barcodes. The Raman spectra for R6G, MB, and MO are given in Figure 3e. To construct a Raman 

mapping image, we choose three bands, centered at positions of 1507 cm-1, 1624 cm-1, 1139 cm-1 

for R6G, MB, MO, respectively. These bands refer to the aromatic C-C stretch peak [32] at 1507 

cm-1, the C–C stretching [33] at 1624 cm-1, and azo group bands ( (Ph-N2)) [34] at 1139 cm-1, 

respectively. These bands were chosen to minimize the crosstalk between different taggant 

molecules. Figure 3f presents the resulting Raman mapping image for a barcode representing ABC 

letters in Code 93 system. Each character becomes visible after mapping the Raman intensity of 

the fingerprint vibration of the corresponding taggant molecules.  

The enabling idea here is that only the intersection regions of plasmonic arrays with taggant 

molecules result in intense and spatially defined Raman scattering. In the absence of a taggant 

molecule, there is no Raman scattering associated with the fingerprint vibrations of the molecule. 

The weak Raman scattering from taggant molecules in the absence of plasmonic NPs ensures 

selective Raman scattering intensity in the barcode geometry. The ratio of the Raman scattering 

intensity from the taggant molecule to the background intensity is roughly 30 times, enabling 

strong contrast in the Raman mapping images (see supporting Figure S1 for the spectra). An 

important consideration in visualization and verification of the barcodes in Raman mapping 
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images is the uniformity of the SERS activity. Raman spectra taken from 20 different positions 

over the plasmonic arrays for the three taggant molecules showed that the characteristic bands can 

be clearly distinguished (Figure S2). The standard deviation in the intensity was ~20% of the 

average intensity.   
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Figure 3. Barcode I. a) Microchannel design, the close-up image shows the manifold-like region 

corresponding to the section forming the barcode with the underlying plasmonic layer b) The 

channel dimensions used to form character A in Code 93. c) Schematic illustration for patterning 

of multiple taggant molecules using Mold 2 on the plasmonic arrays. d) Optical microscope image 

of substrate following deposition of the taggant molecules. The shaded bands denote the positions 

of Raman shift used to generate the mapping image. f) The Raman mapping image generated by 

the spatial variation of the Raman intensity at positions of 1139 cm-1 (MO), 1624 cm-1 (MB), and 

1507 cm-1 (R6G). The barcode represents the letters ABC in Code 93. 

 

One approach to further increase the complexity of the barcodes is to use more than one 

molecule per individual character in the coding system. As demonstrated by Li et al., [22]  the 

coding capacity can be dramatically increased by using different Raman-active taggant molecules 

for defining bars that represent an individual character. To demonstrate this concept, we designed 

Mold 3 (Figure 4a, 4b, and 4c) that supplies taggant molecules into closely spaced linear regions 

using multiple inlets for each solution. Barcodes representing ABC letters were generated using 

two different taggant molecules, MB and R6G (Figure 4a), patterned by complete filling of the 

channels followed by evaporation of the solvent. The barcodes were invisible in the optical 

microscopy image (Figure 4d), where the underlying plasmonic array is discernible. Mapping the 

Raman scattering intensity of the characteristic peaks of the taggants resulted in verification of the 

barcodes (Figure 4e). The yellowish appearance of the linear array of gold nanoparticles (Figure 

4d) verifies that the particles remain attached to the substrate during the second molding process. 

The gentle removal of the mold from the substrate and the robust nature of the end-grafted 

polymers [35] are critical in achieving a stable SERS-active barcode. Note that the adhesion 
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between the elastomeric PDMS mold and substrate is dependent on the separation velocity of the 

mold and substrate [36]. At high separation velocities, the adhesion is strong and PDMS can pick-

up objects from the substrate, whereas the adhesion is weak when the mold is separated slowly 

from the substrate. 

 

Figure 4. Barcode II. a) Microchannel design, the close-up image shows the region corresponding 

to the section forming the barcode with the underlying plasmonic layer. b) The channel dimensions 

used to form character A in Code 93.  c) Schematic illustration of patterning multiple Raman-

active molecules using Mold 3 on the plasmonic arrays. d) Optical microscope image of the 

substrate.  e) The Raman mapping image generated by using the spatial variation of the Raman 

intensity at positions of 1624 cm-1 (MB) and 1507 cm-1 (R6G).  
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The microfluidic-assisted patterning of the barcode design allows robust and low-cost 

fabrication and enables generation of barcodes with multi-taggant molecules. An important 

advantage of the presented approach over other soft lithographic approaches such as microcontact 

printing [37] is the ability to pattern multiple taggant molecules on the same substrate, a capability 

that is critical for surface encoding applications. The PDMS molds can be repeatedly used to 

deposit different molecules, since the molds can survive washing in a series of organic solvents 

[38].  It is also important to note that the microfluidic approach presented in this study can be 

extended for a programmable Code 93 barcode generator when it is combined with a valve-

equipped design. The laminar flow regime obtained at low Reynolds numbers in microfluidic 

devices enables co-flow of different fluids as esthetically demonstrated by Folch group [39]. Then, 

the 9-digit binary form of each character of the barcode can be designed by controlling the 

plumbing to the channel overlapping with the plasmonic region using microvalves. To define the 

spaces between the lines, a taggant-free solution can be used. The use of elastomeric valves is a 

common approach for such advanced plumbing applications, which can also be used to operate the 

system without an external pump, since peristaltic pumping is easily implemented for such systems 

[40]. Another advanced feature that can be included in the microfluidic-assisted SERS-active 

barcode generation is formation of color-gradient barcodes by controlling the concentration of 

taggant molecules using microfluidic concentration gradient generator designs [41].  The 

conventional, tree-shape design can be used without sacrificing the robustness and budget-

friendliness of the presented approach.  

4. Conclusions 

This study has shown the use of microfluidic-assisted patterning for fabrication of 

deterministically encoded surfaces. The spatially and chemically defined linear barcodes offer 
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unlimited number of opportunities in development of security labels. A unique advantage of the 

presented approach is that molecular vibration and geometry-based information can be encoded in 

a small area, which greatly challenge cloning of these security labels. The size of SERS-active 

linear barcodes is at least an order of magnitude smaller than previous demonstrations [22]. The 

solution processing based fabrication of linear barcodes from multiple materials can be easily 

adapted to encoding systems with different authentication mechanisms. A key improvement 

achieved in this study, in comparison with previous studies [27,31], is the ability to pattern 

discontinuous patterns through employment of multiple molds on the same substrate. This 

capability together with the scalability and versatility of the presented approach can find potential 

uses in different applications that range from electrochemical sensors to electronic devices.  
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