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 ABSTRACT 

Graphitic nanomaterials have unique, strong, and stable Raman vibrations that

have been widely applied in chemistry and biomedicine. However, utilizing 

them as internal standards (ISs) to improve the accuracy of surface-enhanced 

Raman spectroscopy (SERS) analysis has not been attempted. Herein, we report

the design of a unique IS nanostructure consisting of a large number of gold

nanoparticles (AuNPs) decorated on multilayered graphitic magnetic nanocapsules

(AGNs) to quantify the analyte and eliminate the problems associated with

traditional ISs. The AGNs demonstrated a unique Raman band from the graphitic 

component, which was localized in the Raman silent region of the biomolecules, 

making them an ideal IS for quantitative Raman analysis without any background

interference. The IS signal from the AGNs also indicated superior stability, even

under harsh conditions. With the enhancement of the decorated AuNPs, the AGN

nanostructures greatly improved the quantitative accuracy of SERS, in particular 

the exclusion of quantitative errors resulting from collection loss and non-uniform

distribution of the analytes. The AGNs were further utilized for cell staining and

Raman imaging, and they showed great promise for applications in biomedicine.

 
 

1 Introduction 

Surface-enhanced Raman spectroscopy (SERS) is a 

widely used analytical method capable of providing 

valuable information about the chemical structure and 

composition of molecules [1–6]. However, relatively 
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few quantitative SERS applications have been developed 

because optical methods must contend with intensity 

variations produced by changes in excitation, collection 

efficiency, or both. Adding an internal standard (IS) 

to analyze the intensity variations has been proposed 

for employing SERS technology in quantitative analysis, 

and its implementation has proven to be highly 

reliable [7–9]. The introduction of an IS can eliminate 

the influence of surface heterogeneity in the enhancing 

substrate, which is known to cause significant variations 

in absolute SERS intensities. However, conventional IS 

methods have encountered unstable IS SERS signals, 

interference from the analyte or impure molecules, 

and insufficient SERS enhancement.  

Graphitic nanomaterials possess unique optical 

properties, especially distinctive Raman signatures. 

High-scattering cross sections, as well as resonance 

and surface enhancement, make them ideal for sensitive 

Raman detection and imaging [10–13]. However, 

utilizing graphitic nanomaterials as ISs to improve the 

accuracy of SERS analysis has never been attempted. 

As compared to traditional IS molecules, graphitic 

nanomaterials offer benefits because of their simple 

and unique spectra, resulting in less background inter-

ference. By their stable and robust signals, graphitic 

nanomaterials are not subject to photobleaching or 

photoquenching, characteristics that make them ideal 

candidates as IS molecules. Therefore, we designed a 

unique IS nanostructure consisting of a large number 

of gold nanoparticles decorated on multilayered gra-

phitic magnetic nanocapsules, termed AGNs, achieving 

very high and stable Raman enhancement effects. The 

graphitic shell expressed a strong Raman vibration 

band in the Raman silent region (1,800–2,800 cm−1) 

[14], which could be ideally used as an IS for SERS 

quantitative analysis based on less interference from 

the vibration peaks of environmental biomolecules. 

Such a strategy integrates high enhancement and 

stability into single bionanoparticles, thereby affording 

an AGN IS with dual advantages of improved quan-

titative accuracy and high sensitivity.  

2 Results and discussion 

2.1 Synthesis and characterization of AGNs 

AGNs were fabricated as multilayered core–shell 

structures. Figure 1(a) shows a schematic diagram of 

the prepared AGN nanostructure, with a magnetic core 

and a multilayered graphene shell decorated with gold 

nanoparticles. Magnetic–multilayer graphitic nano-

capsules (MMs) were negatively charged after treating 

them with a sulfuric and nitric acid solution to acquire 

water solubility (Fig. 1(b), ζ = −25 mV). Positively charged 

 

Figure 1 AGN synthesis and characterization. (a) Schematic diagram of AGNs. (b) Zeta potentials of MMs, gold seeds, and AGNs.
(c) HR-TEM image of MMs, with arrows showing the 0.34 nm lattice constant of the graphitic layer; scale bar: 5 nm. (d) TEM image of 
single AGN; scale bar: 20 nm. (e) Digital photos of AGN solution under external magnet (left) and then redispersed with water (right).
(f) Raman spectra of MMs (red) and AGNs (black). 
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gold seeds (Fig. 1(b), ζ = +20 mV) were decorated on 

the surfaces of the MMs (Fig. S1(a) in the Electronic 

Supplementary Material (ESM)) through electrostatic 

interactions. As shown in Fig. 1(b), after the growth 

of the gold seeds, the ζ potential of the final AGNs 

increased to −14 mV, a remarkable increase from that 

of MMs as a result of AuNP adhesion. Transmission 

electron microscopy (TEM) and high-resolution TEM 

(HR-TEM) were utilized to characterize the MM and 

AGN nanocapsules. As exhibited in Fig. 1(c) and 

Fig. S1(b) (in the ESM), the magnetic core was enca-

psulated in the multilayer shell. The space between 

shell layers was ~0.34 nm, which is consistent with the 

interlayer distance of graphite. The AuNPs decorating 

the surfaces of the MM nanocapsules are shown in 

Fig. 1(d). The AGN nanocapsules showed significant 

magnetism. As demonstrated in Fig. 1(e), AGNs were 

separated from the aqueous solution under an external 

magnet and redispersed, thus facilitating sample 

enrichment and separation and making the process 

of nanocapsule fabrication simple and easy. The 

surfactant 4-dimethylaminopyridine (DMAP), which 

was inherited from the AGN synthesis, showed strong 

Raman vibrations (Fig. S1(c) in the ESM), but it was 

completely removed by magnetic separation without 

sacrificing the stability of the nanocapsules. In addition, 

the AGN nanocapsules demonstrated simple, strong, 

and unique Raman scattering properties. Figure 1(f) 

shows the Raman spectra of the MMs with and without 

AuNPs. Two prominent bands can be observed at 

approximately 1,325 and 1,585 cm−1, corresponding to 

the D and G Raman vibrational modes, respectively, 

of graphitic carbon shells. A second-order 2D peak 

was observed at approximately 2,655 cm−1, which lies 

in the Raman silent region. The intensively packed gold 

nanoparticles significantly enhanced all graphitic 

Raman vibrations, resulting in a significant SERS effect. 

The unique 2D band is strong enough for use as an 

ideal intrinsic IS for SERS quantitative analysis. 

2.2 SERS behavior optimization 

Pursuing a high surface enhancement effect is critical 

for Raman analysis with AGNs. Because SERS 

enhancement efficiency is associated with substrate 

roughness, the decoration of AuNPs on the surfaces 

of AGN nanocapsules is essential to Raman signal 

enhancement. By modulating the growth of gold 

seeds [15], AuNPs of different sizes were obtained, 

forming, in turn, unique assembled nanostructures. 

The ultraviolet/visible (UV/vis) absorption spectra  

of three successively grown AGN nanostructures are 

shown in Fig. 2(a). The plasmon resonance was 

progressively red-shifted and became increasingly 

broader as the size of the AuNPs increased. The AGN 

solutions with different gold nanometer architectures 

were also observed to change color, as shown in the 

insets of Figs. 2(b)–2(d). Such unique nanostructures 

were also characterized with TEM. Figures 2(b)–2(d) 

show three sizes of AuNPs of approximately 5, 7, and 

12 nm, respectively. More TEM images of MMs are 

shown in Fig. S2 (in the ESM). From MMs to AGNs, 

the average hydrodynamic radius increased from  

80 to 120 nm when decorated with 12 nm AuNPs 

(Fig. S2(b) in the ESM).  

The finite difference time-domain (FDTD) method 

was utilized to simulate the space electric field distri-

bution of the AGNs [16]. The geometry used for our 

simulations was that of a single sphere covered with 

a large number (158) of gold spheres (Fig. 2(e)(1)). 

The AuNPs had an average diameter of 12 nm (right) 

and 5 nm (left), indicating two different gold growth 

stages. Figure 2(e)(2) shows the simulation of AGN 

under excitation by a laser with a source frequency of 

633 nm. The AuNPs were attached to the MM core in 

a random manner, which caused the inhomogeneous 

electric field distributions in the AGN. The electric 

field intensity sharply increased as the AuNPs grew 

larger, which is consistent with the Raman enhancement 

effect of AGNs having two different nanostructures 

(Fig. 2(f)). Rhodamine B (RhB) was used as a model 

molecule for the SERS effect comparison. The signal 

enhancement of AGNs with 12 nm AuNPs was 

approximately two times higher than that of AGNs 

with 5 nm AuNPs according to the 618 cm−1 band of 

RhB. Thus, nanocapsules with a higher surface plasmon 

resonance effect were used in the following SERS 

applications.  

2.3 Stability and SERS quantitative accuracy of 

AGNs 

With good surface plasmon resonance properties and 

unique Raman vibrations, we then investigated the use  
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of AGNs as a Raman IS. For comparison, p-toluenethiol 

(pTSH), a conventional organic IS molecule [17], was 

also used. Figure 3(a) shows the Raman spectra of 

AuNP@pTSH, whereas Fig. 3(b) shows those of AGNs 

before and after adding a 15% H2O2 solution (Figs. 3(a) 

and 3(b) and Fig. S3(a) in the ESM). The SERS intensity 

of Au@pTSH decreased after 20 min, whereas the 

AGNs showed superior signal stability, indicating 

their suitability as IS molecules. The instability of the 

Au@pTSH signal could be attributed to the destruc-

tion of the Au–S bond by H2O2, whereas the graphitic 

layer of the AGNs effectively resisted such harsh 

environmental conditions. The AGNs also demonstrated 

an excellent enhancement effect as SERS substrates. 

The Raman signals of molecules adsorbed onto AGNs 

could be enhanced by several orders of magnitude. 

RhB molecules were used for detection and deter-

mination of the SERS effect (Fig. 3(c)). When RhB was 

added to the AGN SERS substrates and dried, the 

Raman signals were significantly enhanced more than 

106 times.  

Utilizing AGNs as the IS eliminated the influence 

of surface heterogeneity in the enhancing substrate 

and significantly improved Raman analysis accuracy. 

In the RhB detection model system, the IS band 

(2,655 cm−1) of the AGNs lying in the silent region 

was ideal for RhB detection without any covering or 

overlaying of the Raman signal from RhB molecules. 

We then varied the focus depth of the laser beam to  

5, 4, 3, 2, and 1 μm (Fig. 3(d)). Two bands at 618 cm−1 

from RhB and 2,655 cm−1 from the AGN IS were 

indicated (Figs. 3(e) and 3(f), respectively). The peak 

intensity of the two Raman bands increased with 

decreasing distance between the laser beam and the 

sample surface. The band at 618 cm−1 of RhB and the 

ratio of I618/I2,655 were used for relative standard 

deviation (RSD, %) analysis. RSD was significantly 

reduced from 20.4% to 6.8% by using the AGN IS 

(Fig. 3(g)) to eliminate Raman signal variation arising 

from the measurement system. This IS strategy works 

better with low analyte concentrations because the 

Raman signal of such analytes is weak and sensitive 

to the mapping processes. Improved Raman detec-

tion accuracy with a corresponding reduction in 

RSD (%) was demonstrated with a lower RhB amount 

(Figs. S3(b)–S3(d) in the ESM). 

 

Figure 2 Modulating the growth of gold seeds on MMs. (a) UV/vis spectra of gold seeds (black), AGNs with distribution of AuNPs in 
three sizes. TEM images of AGNs with (b) 5 nm (red), (c) 7 nm (blue), and (d) 12 nm (green) AuNPs. Insets are respective digital 
photos of the AGN solutions; scale bar: 20 nm. (e)(1) FDTD simulation models with an average diameter of 12 nm (right) and 5 nm (left);
(e)(2) plots showing simulated results of electric field distribution relative to (1). (f) Raman spectra of 0.2 μL RhB (10 μM) with AGNs with
12 and 5 nm AuNPs. 
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2.4 AGNs as IS for SERS Raman analysis  

The AGNs were further utilized to fabricate a paper- 

based SERS substrate. Paper has been used as a 

supporting material [18, 19] because it is flexible, thin, 

and lightweight. It also has a perfect adsorption 

capability, in addition to being much cheaper than 

other substrates [20, 21]. Commercial paper with weak 

hydrophobicity was used for the AGN SERS substrate 

assembly. The concentrated AGNs were dropped onto 

the paper and dried. Solvent evaporation induced  

the formation of a closely packed array of AGNs on 

the paper. Owing to its weak hydrophobicity and 

adsorption properties, a flat substrate (2 mm × 2 mm) 

with a much weakened “coffee-ring effect”[22], a 

pattern left by a puddle of particle-laden liquid after 

evaporation, was obtained over the course of 30 min 

(Fig. S4(a) in the ESM). In contrast to other substrates 

such as glass and silicon, it is difficult to form a flat 

SERS substrate in a short time, again owing to the 

“coffee-ring effect” (Fig. S4(b) in the ESM). Moreover, 

the paper-based SERS substrate exhibited remarkably 

good storage stability (Fig. S4(c) in the ESM). A 

schematic illustration of the detection mode is shown 

in Fig. 4(a). With such an AGN substrate, the intensity  

of both the IS and the analyte could be enhanced. 

Raman mapping was then utilized for RhB detection 

with the AGN-based paper substrate. Preparation of 

SERS substrates is very important because even very 

small variations in the size and shape of AuNP 

aggregation can result in the distribution of uneven 

hot spots. The stability of the AGN paper substrates 

maximized hot spot uniformity and improved quan-

tification accuracy. Figure 4(b) shows Raman mapping 

images of RhB (618 cm−1), IS (2,655 cm−1), and the ratio 

calculated from I618/I2655 with various amounts of RhB 

from 6.25 pmol to 40 fmol. Images with pixel sizes of 

25 μm × 25 μm were generated after spectra prepro-

cessing. For each Raman spectrum, the fluorescence 

background correction was conducted by polynomial 

fittings, and the thermal noise was suppressed by 

small-window moving-average smoothing [23].  

Using the AGN Raman IS, SERS detection demon-

strated better quantification accuracy by the reduction 

of quantitative error introduced by the surface 

heterogeneity of the SERS substrate, especially at 

lower RhB concentrations. Obvious RhB signals were 

observed within the SERS substrate at concentrations 

above 500 fmol. At lower concentrations, the RhB signal 

was sparse, which is consistent with the small number  

 

Figure 3 AGNs as a Raman IS. SERS spectra collected from (a) Au@pTSH and (b) AGNs before and after adding 15% H2O2 at 20 min
intervals. (c) Raman spectra of 10 μM RhB with (red) and without (black) AGNs. (d) SERS spectra of RhB (30 μM) with various laser 
focusing depths of 5, 4, 3, 2, and 1 μm. Raman bands of (e) 618 and (f) 2,655 cm−1 zoom in of (d). (g) RSD (%) calculated from (d) with 
and without AGN internal standard normalization. 
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of RhB molecules. The results represent the response 

of 3,600 points (pixels). As shown in Fig. 4(b), different 

aggregation states of AGNs were demonstrated in the 

Raman mapping images. However, using the 2,655 cm−1 

band as the Raman IS should minimize the influence 

of surface heterogeneity. The bands at 618 cm−1 and 

I618/I2,655 were used for quantitative analysis (Figs. 4(c) 

and 4(d)) and were denoted as (–)IS and (+)IS, res-

pectively. One-parameter linear regression was found 

to adequately fit the data, allowing quantification of 

the Raman images. It is evident from Fig. 4(c) that the 

curved lines of (+)IS (R2 = 0.994) were more sensitive 

to concentration changes as compared to (−)IS (R2 = 

0.987), indicating that Raman analysis with an AGN IS  

has better detection capability at low concentrations. 

As shown in Fig. 4(d), when the RhB concentration 

was lower than 85 fmol, only (+)IS could distinguish 

Raman signals from those measured at control spots 

without any analyte. Such results could be attributed 

to the ability of the AGN IS to correct for possible 

variations that might arise from uneven hot spot 

distribution, changes to the laser focus depth during 

the large-area Raman mapping, or both. 

2.5 Raman mapping images of live cells 

With the strong and unique D, G, and 2D Raman 

bands, AGN nanocapsules were further applied for 

 

Figure 4 AGN as IS for SERS Raman analysis. (a) Schematic I: preparation of SERS substrate and Raman mapping. Bands of 618
and 2,655 cm−1 were used for quantitative analysis and assigned to RhB (analyte) and multilayer graphene (IS), respectively; schematic
II: aggregation behavior of AGNs on the paper. (b) SERS mapping images with various amounts of RhB ranging from 40 fmol to
6.25 pmol. Each image contains approximately 3,600 pixels. First line: SERS mapping images of 618 cm−1; second line: SERS mapping 
images of 2,655 cm−1; third line: mapping images of ratio where each pixel represents a ratio value (I618/I2,655). (c) Calibration curve, 
(+)IS (green) and (−)IS (black),the signal of 618 cm−1 was normalized. (d) High magnification of region marked in (c). 
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cell staining and SERS imaging. Especially, the 2D 

vibration band at approximately 2,655 cm−1, which 

lies in the Raman silent region of the cell, could be an 

ideal Raman tag for low-background imaging. Figure 5 

shows Raman images of human breast cancer cells 

(MCF-7) stained without and with AGNs. Strong Raman 

signals were observed in the AGN-stained cells (Fig. S5 

in the ESM). With low-background Raman imaging 

at the 2D band, as well as at the D and G bands, the 

AGNs were accurately located in the MCF-7 cells. 

The AGNs also demonstrated superior stability under 

enzyme and saline solutions (Fig. S6 in the ESM). Such 

unique cell staining and imaging capability indicates 

the potential for extending this IS strategy to live cell 

research and quantification. 

3 Conclusion 

We fabricated unique core–shell AGN nanocapsules 

and utilized them for Raman detection and analysis. 

By adjusting gold nanoparticle assembly on the MM 

surface, AGNs with a high SERS enhancement effect 

were obtained. The AGN nanocapsules demonstrated 

simple, strong, and unique D, G, and 2D Raman 

vibration bands from the multilayered graphitic shell. 

The 2D band, which lay in the Raman silent region of 

the cell, exhibited relatively little interference from 

vibration peaks of the environmental biomolecules, 

indicating that AGN is an ideal Raman IS. The AGN 

graphitic IS demonstrated superior stability and 

significantly improved the accuracy of the Raman 

analysis. The AGNs were further fabricated into a 

paper-based SERS substrate for Raman detection. 

The substrate demonstrated high analyte collection 

 

Figure 5 Raman mapping images of MCF-7 cells treated (a) 
without and (b) with AGNs; scale bar: 5 μm. 

efficiency, better quantification accuracy, and better 

capacity to distinguish analytes in low concentrations. 

The AGNs also demonstrated the capacity for cell 

imaging. The AGNs were accurately co-localized in 

the cells with D, G, and 2D vibration bands, showing 

promise for the extension of this IS strategy to live 

cell research. 
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