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 ABSTRACT 

We demonstrate a facile method combining colloidal lithography, selective

ion-exchange, and the in situ reduction of Ag ions (Ag+) for the fabrication 

of multi-segmented barcode nanorods. First, polymer multilayer films were

prepared by spin-coating alternating thin films of polystyrene and polyacrylic

acid (PAA), and then multi-segmented polymer nanorods were fabricated via 

reactive ion etching with colloidal masks. Second, Ag nanoparticles (Ag NPs)

were incorporated into the PAA segments by an ion exchange and the in situ

reduction of the Ag+. The selective incorporation of the Ag NPs permitted the

modification of the specific bars of the nanorods. Lastly, the Ag NP/polymer 

composite nanorods were released from the substrate to form suspensions for

further coding applications. By increasing the number of segments and changing

the length of each segment in the nanorods, the coding capacity of nanorods 

was improved. More importantly, this method can easily realize the density

tuning of Ag NPs in different segments of a single nanorod by varying the

composition of the PAA segments. We believe that numerous other coded

materials can also be obtained, which introduces new approaches for fabricating

barcoded nanomaterials. 

 
 

1 Introduction 

Encoded nanomaterials, which have a large number 

of readily distinguishable barcode patterns, are used 

in many fields, including cryptography, computational 

science, brand protection, the covert tracking of material 

goods and personnel, and labeling for biological and 

chemical diagnostics [1–6]. They can be dispersed or 

hidden in a variety of media owing to their small size, 

and their chemical and physical properties can be 

rationally designed in a variety of ways [7–15]. 

Widespread application of the barcoded nanomaterials 

requires a high coding capacity (i.e., a large number 

of recognizable and reproducible signatures), low-cost 

and large-scale barcode production, and an accurate, 

portable, and rapid non-contact detection system with 

a high identification accuracy [3]. To satisfy these 

demands, many barcoded nanomaterials have been 
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developed [1–6, 16–27]. Among them, nanowires are 

particularly attractive because of their high aspect 

ratio and ability to generate multiple outer surfaces. 

Accordingly, template-assisted electrochemical synthesis 

is extremely useful for preparing a wide range of 

metallic, semiconductor, and polymeric nanowires 

[1–6, 16, 24–25]. The attractive synthesis and properties 

of nanowires make them extremely attractive for 

designing effective barcoded materials with a high 

coding capacity and reproducible signatures. 

Like nanowires, barcode nanorod materials have 

received considerable attention owing to their low cost, 

high throughput, high volume, ease of production, 

and ability to generate multiple outer surfaces [14, 

18, 23]. Barcode nanorods have many important 

applications and have been used in many fields.  

For example, Liu et al. reported the synthesis of 

luminescent crystals based on hexagonal-phase NaYF4 

upconversion microrods and demonstrated the use of 

the as-synthesized multicolor microrods as barcodes 

for anti-counterfeiting applications [28]; Keating and 

Natan et al. also synthesized multi-metal microrods 

intrinsically encoded with sub-micrometer stripes. 

They demonstrated that simultaneous immunoassays 

could be performed on the rods and that the 

reflectivity image was sufficient for the identification 

of the capture chemistry on a given particle [7]. Tok 

et al. employed metallic nanowires (both magnetic 

and nonmagnetic) as novel platforms for multiplex 

immunoassays [14]. Mirkin et al. highlighted recent 

advances in the synthesis of multi-segmented one- 

dimensional nanorods and nanowires with metal, 

semiconductor, polymer, molecular, and even gapped 

components, discussing the applications of these 

multicomponent nanomaterials in magnetism, self- 

assembly, electronics, biology, catalysis, and optics [23]. 

Noble-metal materials, which can effectively improve 

the coding capacity and signal output, have also been 

utilized in a variety of applications [29, 30]. Template 

synthesis is the most widely used method for the 

synthesis of multicomponent metal nanorods and 

nanowires, but metals cannot be electrochemically 

deposited without a hard template. There have been 

few reports on the synthesis of multi-segmented 

metallic nanostructures without hard templates, despite 

the fact that this approach is advantageous with 

regard to the structural variety and controllability. 

Thus, we focus on multi-segmented nanorods prepared 

with a controllable size via simple and inexpensive 

technologies without hard templates. Our group 

reported that large-area and highly ordered arrays 

are produced by well-developed colloidal lithography 

techniques [31, 32]. With this method, polymer 

fluorescent barcode nanorods were generated by the 

reactive ion etching (RIE) of polymer multilayer films 

using non-close-packed (ncp) colloidal microsphere 

arrays as masks [26]. The encoding information of 

these novel barcode nanorods can easily be tuned by 

adjusting the thickness and sequences of different 

fluorescent polymer layers, as well as the number of 

layers. On the basis of the previous work, we consider 

whether we can incorporate metal nanoparticles into 

the polymer segments to achieve encoding.  

In this paper, we introduce a versatile method to 

fabricate Ag nanoparticle/polymer composite barcode 

nanorods with a high coding capacity. Through layer- 

by-layer spin-coating, we prepared multilayered 

alternative thin films of polystyrene (PS) and polyacrylic 

acid (PAA) on flat substrates. Then, SiO2 nanosphere 

monolayers were assembled on the surface of the 

multilayered films, and RIE was performed to prepare 

ncp two-dimensional (2D) colloidal crystals, which 

were used as masks for the following RIE process  

to fabricate multi-segmented polymer nanorods. Ag 

nanoparticles were incorporated into the polymer 

nanorods by an ion exchange and the in situ reduction 

of the Ag+, and Ag NP/polymer composite barcode 

nanorods were obtained. The coding capacity can be 

regulated by increasing the number of segments and 

changing the thickness and composition of the polymer. 

The barcode nanorods have potential applications in 

product tracking and multiplexed biodetection. 

2 Experimental  

2.1 Preparation of the multi-segmented polymer 

nanorod arrays 

Three-layer films of PAA/PS/PAA were fabricated by 

sequential spin-coating on a Si/silica substrate, as 

follows. First, an ethanol solution containing PAA 

and a 20 mg/mL toluene solution containing PS were 
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prepared. Both the PAA and the PS were spin-coated 

at 3,000 rpm for 60 s onto a Si wafer. After each 

iteration of spin-coating, the polymer film was dried 

at 130 °C for 10 min to remove the residual solvents. 

Subsequently, SiO2 microsphere monolayers were 

prepared by the interface method. To prepare the ncp 

2D colloidal crystals, the RIE of the SiO2 microsphere 

monolayers was performed in a gas mixture of CHF3 

at 30 sccm and Ar at 15 sccm. The radiofrequency (RF) 

power and inductively coupled plasma (ICP) power 

were 250 and 0 W, respectively. The etching duration 

was 7 min. Then ncp single-layered colloidal crystals 

were used as masks for preparing nanorod arrays by 

the plasma etching of the three-layer polymer films 

below. Oxygen RIE at a pressure of 10 mTorr, a flow 

rate of 50 sccm, an RF power of 60 W, and an ICP power 

of 0 W was performed using a Plasmalab Oxford 

80 Plus system. Finally, tri-segmented nanorod arrays 

were obtained. Five-segmented and seven-segmented 

polymer nanorod arrays were obtained by similar 

processes. 

2.2 Preparation of the Ag NP/polymer composite 

nanorods 

For the preparation of the Ag nanoparticle/polymer 

composite nanorod arrays, multi-segmented polymer 

nanorod arrays were soaked in a 0.3 M aqueous 

solution of AgNO3 for 12 h and washed with Milli-Q 

water. The Ag+ ions that exchanged into the polymer 

were reduced into Ag NPs by ultraviolet (UV) exposure. 

For the preparation of the barcode nanorod arrays with 

an adjustable density, first, four types of solutions 

were prepared by proportionally mixing PAA and 

poly(hydroxyethyl methacrylate) (PHEMA): M1, M2, 

M3, and M5 (containing PAA and PHEMA at volumetric 

ratios of 1:1, 1:2, 1:3, 1:5, respectively). Four-layered 

polymer films of PAA/PS/PAA-PHEMA/PS were 

fabricated onto the Si substrate via repeated spin- 

coating. Then, multi-segmented nanorod arrays were 

fabricated using the aforementioned method. The 

samples were incubated overnight in a AgNO3 aqueous 

solution at a concentration of 0.3 M and then rinsed 

with Milli-Q water, followed by the UV-induced 

reduction of the Ag+. The nanorods can also be released 

by soaking them into a corrosive solution to etch 

away the substrate. 

2.3 Characterization 

Scanning electron microscopy (SEM) images were 

obtained using a JEOL Model FESEM 6700F electron 

microscope with a primary electron energy of 3 kV, 

and the samples were sputtered with a layer of Pt  

(~2 nm thick) prior to the imaging to improve the 

conductivity. The normal absorbance was measured by 

a collimated beam of a fiber-coupled tungsten-bromine 

lamp (Ocean Optics), and the spectra were obtained 

using a spectrometer (Ocean Optics, USB4000) that 

was operated from 200 to 1,100 nm. The morphology 

and composition of the nanorods were evaluated  

by transmission electron microscopy (TEM, Model 

XL 30 ESEM FEG scanning electron microscope, FEI 

Company) together with a line scan and elemental 

mapping in the energy-dispersive X-ray spectroscopy 

(EDS) mode. Inductively coupled plasma atomic 

emission spectrometry (ICP-AES) was performed using 

a PERKIN ELMER OPTIMA 3300DV analyzer. 

3 Results and discussion 

The overall fabrication process is schematically depicted 

in Scheme 1. First, polymer multilayers were fabricated 

by spin-coating. In the optimal case, the solvent for 

the following layer is a poor solvent for the preceding 

one. The toluene solution containing PS was chosen 

because of its incompatibility with the ethanol solution 

of PAA, as well as its simple preparation method.    

 

Scheme 1 Schematic of the fabrication procedure for the Ag NP/ 
polymer composite nanorods. 
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A hexagonal-close-packed (hcp) colloidal monolayer 

was assembled on an as-prepared substrate by lifting 

SiO2 nanospheres at the air/water interface. The hcp 

SiO2 colloidal crystal was then etched into an ncp one   

by RIE, and a sufficient interspace was left for further 

etching. Subsequently, the exposed polymers were 

selectively removed by RIE, leaving the nanorods under 

the microspheres on the substrate. After the Ag NPs 

were immobilized into the PAA layer by the ion 

exchange and in situ reduction of the Ag+, the nanorods 

were released from the substrate by the dissolution of 

the SiO2 layer between the substrate and the polymer. 

3.1 Preparation of the polymer nanorod arrays 

As a typical example, ASA (S = PS, A = PAA) tri- 

segmented nanorod arrays were fabricated by spin- 

coating polymer films and performing RIE. Figure 1 

shows the morphology of a large-area ncp SiO2 

colloidal crystal. The diameter of the SiO2 decreased 

from 800 nm (Fig. 1(a)) to 580 nm (Fig. 1(b)). The SEM 

images of Figs. 1(c) and 1(d) show a cross-sectional 

view of the nanorod arrays before and after the 

removal of the microspheres, respectively. The height 

of the PAA and PS segments is consistent with that of 

the PAA and PS polymer films. These results indicate 

that the HF-etching and cleaning process have     

no obvious influence on the shape or quality of the 

nanorods. The PAA and PS segments can be 

distinguished from the boundary because of the 

 

Figure 1 SEM images of the silica nanospheres (a) before and 
(b) after etching, SEM cross-section images of the polymer 
nanorod arrays (c) before and (d) after the removal of the silica 
nanospheres. 

different RIE etching rates of the polymers (the etching 

rate of the PAA was higher than that of the PS) [26]. 

Moreover, the top-view SEM images of the oriented 

nanorod arrays demonstrate the regularity achieved 

by our method. 

3.2 In situ preparation of the Ag nanoparticles 

The PAA segments were used as matrices for the 

synthesis of Ag nanoparticles. When the PAA equili-

brated in an aqueous solution of AgNO3, the Ag+ 

entered the swollen PAA network owing to the ion- 

exchange with the H+ in the swollen polymer network. 

Finally, the Ag NPs were formed by UV exposure 

[33, 34]. A TEM image shows that the mean diameter 

of the synthesized Ag NPs in the Ag NP/PAA 

composite films was ~5 nm (Fig. S1 in the Electronic 

Supplementary Material (ESM)). In addition, large or 

partially aggregated particles are clearly visible. 

To confirm the presence of the Ag NPs inside the 

nanorods, we measured the UV-Vis absorption spectra 

of the nanorods (Fig. 2(a)). As a control experiment, no 

absorption peak was observed before the deposition 

of the Ag NPs. However, after the Ag NPs were 

incorporated into the nanorod array, an absorption 

band appeared. This absorption band, centered at 

430 nm, is attributed to the reduction in the distance 

between the neighboring Ag NPs in the film compared 

with the Ag NPs in the aqueous solution [33, 35, 36]. 

The characteristic peak around the wavelength of 

600 nm indicates the presence of large or partially 

aggregated particles. The inset in Fig. 2(a) shows an 

optical photograph of the nanorod arrays before and 

after the immobilization of the Ag NPs. After the 

chemical attachment of the Ag NPs, the sample changed 

from colorless to red, which confirms the presence of 

the Ag NPs in the nanorods.  

The nanorods were released by soaking them into 

a corrosive solution to etch away the substrate. 

Figures 2(b) and 2(c) show TEM images for different 

orientations of the Ag NP/polymer composite nanorods. 

Compared with the nanorod arrays on the substrate, 

these nanorods exhibited a negligible change in shape 

after the releasing and cleaning processes. TEM 

images and the corresponding EDS mapping (Figs. 2(d) 

and 2(e)) confirm the well-defined distribution of  

the Ag NPs.  
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Figure 2 (a) UV absorption spectroscopy of nanorod arrays with 
and without Ag NPs. (Inset: optical photograph of nanorod arrays 
before (colorless) and after (red) the immobilization of the Ag NPs). 
(b) and (c) TEM images of different orientations of the polymer 
nanorods. (d) TEM image and (e) the corresponding EDS mapping 
of the tri-segmented Ag NP/polymer nanorod. 

3.3 Regulation of the number of nanorod segments 

The number of nanorod segments can be easily adjusted 

by spin-coating alternating layers PAA and PS. For 

the five-layered and seven-layered polymer films, the 

morphologies of the multi-segmented nanorod arrays 

were clearly revealed after the RIE (Figs. 3(a) and 3(b)). 

In this case, the heights of the PAA and PS segments 

were 200 and 140 nm, respectively. The Ag NP/polymer 

composite nanorods were released into water and 

suspended on a copper grid for TEM imaging (Figs. 3(c) 

and 3(d)). A well-defined distribution of Ag NPs in 

the PAA segments was observed. 

The etching rate of the PAA was higher than that of 

the PS. That is, at the same etching time, the diameter 

of a PS segment was larger than that of a PAA 

segment (Figs. 3(a) and 3(b)). The different RIE rates  

 

Figure 3 SEM images of the multi-segmented nanorod arrays 
((a) and (b)) and the corresponding TEM images ((c) and (d)). 

of the two polymers enables shape encoding [26]. We 

can “write” the code simply by adjusting the bar width. 

3.4 Regulation of the length of the PAA segments 

In addition to increasing the number of segments, we 

can change the length of each segment in a single 

nanorod. The length of the PAA bars is determined 

by the thickness of the PAA thin films, which can be 

easily adjusted by tuning the initiative concentrations 

of the polymer solution and the appropriate etching 

durations. 

Barcode nanorods with different code lengths were 

prepared by spin-coating the polymers with different 

concentrations. Multi-segmented nanorods were 

successfully obtained through a procedure similar to 

that previously mentioned, while the length of the 

PAA bar in a single nanorod was different. Figure 4 

illustrates the TEM images ((a), (d), and (g)) and the 

corresponding EDS mapping ((b), (e), and (h)) of the 

Ag NP/polymer composite nanorods with different 

PAA thicknesses. The merged images ((c), (f), and (i)) 

of the TEM images and EDS mappings indicate the 

well-defined distribution of the Ag NPs in the PAA 

segments and the increase in the immobilized amount 

of Ag NPs with the increase in the thickness of the 

PAA layer. In addition, the sequence of the PAA layers 

is switchable (see Fig. S2 in the ESM). The controllable 

length of the nanorods provides opportunities for 

fabricating accurate multi-segmented barcode nanorods. 
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3.5 Regulation of the density of the Ag NPs 

The differences in the density of the Ag NPs can also 

increase the coding capacity of the barcode nanorods. 

During the incorporation of the Ag NPs into the 

polymer segments, the density of the Ag NPs was 

regulated by tuning the composition of the polymer 

solution in each layer. We can finely regulate Ag NPs 

by physically blending PHEMA and PAA, as PHEMA 

is mixable with PAA but cannot conduct the Ag+ 

exchange process. This means that a PAA layer mixed 

with PHEMA absorbs less Ag+ than one without 

PHEMA. To confirm the content of the Ag NPs in the 

composite, the fabrication process was performed for 

a PAA-PHEMA polymer thin film. Thin films with 

different compositions were fabricated by spin-coating 

onto a silica substrate. Then, the polymer thin films were 

soaked in a AgNO3 aqueous solution, and the Ag+ was 

reduced to Ag NPs by UV exposure. Figure 5(a) shows 

the UV absorption spectra, where the appearance of a 

single peak around 430 nm indicates the existence of 

the Ag NPs [37]. The intensity of the absorption peak 

clearly decreased as the PHEMA content increased. 

These results reveal a decrease in the immobilized 

amount of Ag NPs as the PHEMA content increased. 

To confirm the presence of the Ag NPs in the polymer, 

an EDS elemental analysis was performed on the 

samples (Fig. 5(b)). The appearance of Ag signals 

strongly confirmed the presence of the Ag NPs in the 

polymer film. In addition, to determine the atomic 

ratio of Ag, we performed an ICP test. The samples 

were dissolved in HNO3, and the ICP results revealed 

a decrease in the immobilized amount of Ag NPs as 

the volume fraction of PHEMA increased. According 

to these data, the atomic concentrations of Ag are 

estimated as 1.70%, 0.77%, 0.50%, 0.21%, and 0.15% 

for the different samples, as shown in Table 1. 

On the basis of the fabricated ASAS nanorods, 

polymer films with different PAA-PHEMA com-

positions were generated by repeated spin-coating 

onto silica substrates. Then, multi-segmented nanorod 

arrays were clearly observed through a similar process. 

The TEM images and the corresponding EDS mapping 

(Figs. 6(a)–6(h)) show the well-maintained morphology 

and well-defined distribution of the Ag NPs. From 

the EDS mapping, we observe that the PAA-PHEMA 

gray segments were a few shades lighter than the 

PAA segments, which indicates that the content of Ag  

 

Figure 4 TEM images ((a), (d), and (g)) and the corresponding EDS mapping ((b), (e), and (h)) of Ag NP/polymer barcode nanorods with 
different PAA length. (c), (f), and (i) are the merged images of TEM images and EDS mappings. In (a), (d), and (g), the length ratios of 
PAA bars (bottom to top) are 1:2:1, 4:6:5 and 1.5:1:4, respectively. Scale bars: 200 nm. 
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Table 1 Atomic concentrations of Ag in different polymer films 

Polymer composition ωAg (%) 

PAA 1.70 

M1 (PAA:PHEMA=1:1) 0.77 

M2 (PAA:PHEMA=1:2) 0.50 

M3 (PAA:PHEMA=1:3) 0.21 

M5 (PAA:PHEMA=1:5) 0.15 

 

NPs in the PAA-PHEMA layer was less than that in 

the PAA layer. Elemental line scanning (Figs. 6(i)–6(l)) 

of Ag along the nanorods also revealed the different 

polymer segments with different intensity ratios. We 

calculated the integral areas of the intensities of the 

Ag elements in the PAA segments and PAA-PHEMA 

segments. As shown in Fig. 6(i), the intensity ratio of the 

Ag in the PAA segment to that in the PAA:PHEMA = 

1:1 segment was 1:0.56. Similarly, the intensity ratios 

shown in Figs. 6(j)–6(l) are 1:0.53, 1:0.50, and 1:0.35, 

respectively. The data indicate that the intensity 

decreased as the volume fraction of PHEMA increased; 

that is, the immobilized amount of Ag NPs decreased 

as the volume fraction of PHEMA increased. 

The introduction of the polymers with different 

compositions not only enhanced the gray contrast  

of the nanorods but also expanded the scope of the 

coding. We demonstrated the use of the nanorods as 

barcodes. The barcode nanorods displayed different 

optical properties. We measured the UV–Vis spectra 

(Fig. 7) of nanorod arrays prepared with different 

polymer compositions. The peak intensity increased 

as the Ag concentration (volume fraction of the PAA) 

increased, and it was highest for the PAA/PS/M1/PS  

nanorod. In addition, the films exhibited a high 

wavelength shoulder at the resonance peak and an 

increase in the intensity of the absorbance band around 

800 nm as the volume fraction of PHEMA was increased. 

The resonance peak broadened because the Ag NPs 

size distribution broadened. As is widely known, the 

size and shape of NPs determine the characteristics 

of the plasmon resonance. As the diameter of the 

spherical particles increases, the plasmon resonance 

shifts toward longer wavelengths (i.e., redshift). 

However, the plasmon resonance peak can also shift 

toward longer wavelengths if the NP shape changes 

from a sphere to a cube (or pentagon or triangle). The 

peak at 459 nm is consistent with spherical NPs and 

was characterized by TEM. Regarding the peak at 

800 nm, we speculate that immobilized particles were 

present in the form of domains, as the PAA phase 

and PHEMA phase were present on the PAA-PHEMA 

polymer layer, but the Ag NPs existed only in the 

PAA phase. In this case, the absorption characteristics 

of the formed Ag NPs may indicate the presence of 

larger or non-spherical particles [38]. Remarkably, the 

spectra reveal that different nanorods can provide 

different optical signals. The barcode nanorods have 

potential applications in product tracking and multi-

plexed biodetection. 

We attempted to verify the stability of the barcode 

nanorods using their structure and optical properties. 

After 30 days, the nanorod structures remained stable 

whether the nanorods were in the solution or in air, 

and the absorption spectra of the nanorods exhibited 

almost no change. 

 

Figure 5 (a) UV-Vis spectra of different polymer films containing Ag NPs. (b) EDS elemental analysis of Ag. 
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Figure 7 UV-absorption spectroscopy of Ag NPs-doped barcode 
nanorod arrays with different polymer compositions. 

The key advantage of our method is the intrinsic 

simplicity of the delicate control of the Ag NP content. 

We confirmed the tunability by fabricating additional 

nanorod segments. As shown in Fig. S3 (in the ESM), 

an addition coding scheme was produced. The 

approximate profiles of the pattern were successfully 

reproduced after releasing. This result further verifies  

the flexibility of our method for fabricating barcode 

nanorods. 

4 Conclusions 

We demonstrated a versatile approach to generate 

barcode nanorods with a controlled coding capacity. 

The encoding information of these novel barcode 

nanorods was easily tuned by adjusting the number 

of segments, the length of the PAA bars, and the 

density of the Ag NPs. By changing the Ag NP content, 

the absorbance spectra of the barcode nanorods was 

adjusted. Moreover, the barcode nanorods were easily 

detached from the substrates to form a dispersion of 

coding materials. Considering their simple and low-cost 

fabrication, these encoding nanorods have a wide 

range of potential applications in product tracking and 

multiplexed biodetection. Furthermore, we believe 

that numerous coded materials can be obtained    

by introducing other functional nanoparticles into 

the structure of the nanorods. This introduces new 

approaches for fabricating barcoded nanomaterials. 

Figure 6 (a)–(d) TEM images of barcode nanorods and (e)–(h) the corresponding EDS mapping. (i)–(l) Elemental line scanning of barcode
nanorods. Scale bars: 100 nm. 
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