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ABSTRACT 

  

My Ph.D. research focuses on the design of novel SERS nanotags with superior brightness, 

signal stability and mono-dispersibility for biomedical applications. Chapter 1 starts with a 

systematic introduction of SERS nanotags, including fundamental theories of SERS (Chapter 1.1), 

labeled and label-free SERS detection (Chapter 1.2), the design principles of SERS nanotags 

(Chapter 1.3), and their applications in bio-diagnostics, bioimaging and spectroscopy-guided 

surgery (Chapter 1.4).  

Chapter 2 to Chapter 6 discuss five of my research projects. In Chapter 2, aiming at 

improving signal robustness of dye-encoded SERS nanoparticles (NPs) in biological fluids, I 

introduced a hydrophobic inner layer on gold nanoparticle surface using an amphiphilic PEG. The 

hydrophobic domain brought a 5-10 times SERS intensity improvement compared with its PEG 

counterpart. The main mechanism behind was hypothesized to be a dielectric medium change at 

the plasmonic surface leading to electromagnetic enhancement. The rigid hydrophobic shell also 

provided better resistance to electric field coupling between nanoparticles in high-ionic-strength 

biological buffers, and prevented severe protein corona formation on SERS NPs, which 

consequently stabilized SERS signal in serum.  

In Chapter 3, to realize non-invasive metastatic sentinel lymph node detection by SERS, 

the hydrophobic locked Au nanostars (AuNS) were applied as the detection agents using a dual-

tracer strategy to minimize the influence of non-specific binding. Good signal linearity and signal 

independency were achieved. The paired SERS agents show similar surface properties, 

hydrodynamic size and in-vivo lymph node binding kinetics. A whole spectrum identification 

algorithm was applied to identify the SERS signal of the paired SERS NPs respectively from the 

detected mixed signal. The presence of tumor cells at breast cancer metastatic sentinel lymph node 

was detected based on statistically significant different ratio of the target and non-target SERS NPs 

in health and tumor mice model. 

In Chapter 4, natural derived membranes from red blood cells (RBC) were employed as a 

novel type of biocompatible layer for SERS NPs. RBC membrane (RBCM) coating offered 

enhanced SERS intensity with the dyes embedded in the hydrophobic environment of the lipid 

bilayer. Good cryo-protection ability of the RBCM was observed against harsh storage conditions 
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such as lyophilization and freezing of the colloids. With lipid-insertion strategy, RBCM coated 

SERS NPs can be further functionalized with target ligands, and an increased cellular uptake was 

demonstrated compared with the non-target controls.  

In Chapter 5, RBCM coated AuNSs are being used as a dual-modality imaging agent for 

both preoperative photoacoustic (PA) imaging and intraoperative SERS detection for tumor 

resection. Star-shaped AuNPs were chosen as the core of the imaging agents due to its superior 

SERS enhancement as well as energy conversion efficiency for PA compared with spherical 

nanostructures. A bovine tissue phantom experiment have proved excellent PA and SERS 

performance demonstrated by these NPs. Natural red-blood-cell membrane was shown to provide 

better biocompatibility by reducing macrophage uptake, and to realize target ligand conjugation 

by lipid-insertion strategy. An ex-vivo tissue tumor detection phantom study was then conducted 

to show the potential of RBCM-coated AuNSs as imaging agents for SERS-PA dual-modality.  

In Chapter 6, a quantitative evaluation of near-infrared (NIR) tissue penetration ex vivo 

with the use of SERS was first presented. A preliminary experiment to compare the spectral and 

tissue scattering properties of SERS in the first and second NIR windows was first performed. 

Tissue penetration depths were evaluated to be much improved in NIR-II window compared to 

that at of the first near-infrared (NIR-I) window, as well as a dramatically lower auto-fluorescence 

background. Aiming at developing SERS NPs excited at the second near-infrared (NIR-II) region 

for ‘bio-transparent’ in-vivo imaging, I successfully synthesized SERS nanostars with strong 

resonance in NIR-II range as well as small size around 60 nm for in-vivo purpose. The synthesized 

NIR-II AuNS with long and sharp tips exhibited strong SERS intensity with NIR-II resonant dye 

attached, and the high NIR-II absorbance was well preserved after 14 days with the inner 

hydrophobic layer. The NIR-II SERS AuNSs show great potential for a variety of biomedical 

applications such as intraoperative imaging, wearable spectroscopic devices development, etc. 
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CHAPTER 1: INTRODUCTION 

 

Surface-enhanced Raman scattering (SERS) effect was first discovered from pyridine 

molecules absorbed on electrochemically roughened silver surface over 40 years ago [1]. Since 

then, as a landmark of spectroscopic and analytic techniques, SERS had gained significant 

attention in the research community. Specifically in biomedical area, SERS is a technique of great 

potential for sensing or detection because of its excellent selectivity, sensitivity and capability to 

be performed in aqueous biological systems. With increasing demands of healthcare industry, 

biomedical applications of SERS are being developed in lots of areas, including quantitative and 

ultra-sensitive sensing of biomolecules [2, 3], pathogens identification and classification [4, 5], 

cells labelling and profiling [6], drug metabolites monitoring [7], cellular processes imaging [8], 

cancer diagnosis and staging [9, 10], and spectroscopy guided surgery [11, 12].  

In this chapter, fundamental theories of SERS is first introduced, followed by the 

introduction of SERS nanotags, a type of detection/imaging agents based on SERS. Then, various 

biomedical applications of SERS nanotags including biomedical diagnostics, bio-imaging and 

spectroscopy-guided surgery are briefly summarized.  

 

1.1 Fundamental Theory of Surface-enhanced Raman Scattering (SERS) 

Raman scattering is a rare event that happens when photons colloid inelastically with 

molecules (with a possibility of only one of 10 million collision), during which the scattered 

photon gain or lose energy. As shown in Figure 1A, if the photon in-elastically interacts with the 

molecule in the ground state, it loses energy to the molecule, which is the so-called stokes 
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scattering; otherwise, it is the so-called anti-stokes scattering. In both circumstances, the energy 

change corresponds to the characteristic vibration energy of the molecules.  

Surface-enhancement Raman scattering (SERS) refers to the phenomenon that Raman 

scattering can be strongly amplified when it takes place at plasmonic surface, in most of the cases, 

metal surfaces. To describe the Raman enhancement ability of the SERS-active substrates or 

nanostructures in a universal manner, enhancement factor (EF) is defined, which can be directly 

calculated by the ratio of the Raman signal intensities of a certain amount of molecules at the 

present and without the SERS substrate [13], as described in Equation 1.1: 

EF =
𝐼𝑆𝐸𝑅𝑆 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒⁄

𝐼𝑅𝐹𝑀 𝑁𝑏𝑢𝑙𝑘⁄
    (Equation 1.1) 

Here, 𝐼𝑆𝐸𝑅𝑆 and 𝐼𝑅𝐹𝑀 are the intensities of the Raman spectra obtained from the SERS and free 

molecules; and 𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑁𝑏𝑢𝑙𝑘 are the number of the molecules that are within the excitation 

volume in the metal surface and in the bulk, respectively. 

Since SERS was observed, two main mechanisms had been raised and discussed through 

the years to explain the enhancement: the electromagnetic enhancement (EM) [14] and the 

chemical enhancement (CE) [15]. These two mechanisms co-exist in SERS process but contribute 

in different ways. Electromagnetic field enhancement theory is based on the surface plasmon 

resonance (SPR) effect. Surface plasmons are delocalized electrons oscillations at the interface 

that can be induced by incident optical fields [16] . Specifically, localized surface plasmon 

resonance (LSPR) effect is generated by metal nanoparticles of size comparable to or smaller than 

the wavelength of excitation light (Figure 1B) rather than traditional SPR generated by continuous 

metallic films. When electromagnetic waves interact with metal nanoparticles, localized surface 

plasmons are excited on the surface, generating a field that is tightly confined to the nanoparticle, 

which results in a redistribution of the EM field intensity in the vicinity of the particle surface. Due 

https://en.wikipedia.org/wiki/Light
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to the resonance effect, the metal nanoparticle function as an amplifier to enhance the Raman 

scattering of the molecules absorbed at the plasmonic surface (Figure 1C). With the enhancement 

of incident light field and the Raman scattering field each results in a Raman signal enhancement 

of the second power of the field amplification enhancement, the overall SERS EF is roughly the 

fourth power of the electromagnetic field amplification enhancement [14]:  

G𝑆𝐸𝑅𝑆 ≈ |
𝐸𝑙𝑜𝑐

𝐸0
|

4

= |
𝜀𝑚−𝜀𝑠

𝜀𝑚+2𝜀𝑠
|

4

(
𝑅

𝑅+𝑑
)

12

   (Equation 1.2) 

Chemical enhancement is associated with charge transfer between metal and molecules. It 

is a much shorter-range effect and usually requires that the molecules attach to the metal surface 

via direct contact or chemical bonds [15]. CE is weaker than the EM mechanism, typically with 

an EF of 10-103 compared with that of EM mechanism up to 109. In fact, chemical enhancement 

is more of an inclusive name for several different processes rather than a specific one, such as 

polarizability change of the molecule-metal complex [17] or charge-transfer state in resonance 

with the incident frequency [18]. Chemical enhancement is thus hard to estimate by experiment, 

therefore computational approaches are usually utilized to single out and quantify different origins 

of CE. Since CE does not rely on SPR and electromagnetic field redistribution, the SERS materials 

can be non-plasmonic substrates such as semiconductors [19, 20].  
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Figure 1.1 SERS fundamentals. A) Different light scattering: Rayleigh scattering, stokes Raman 

scattering and anti-stokes Raman scattering; B) Illustration of the oscillating electron cloud, which 

moves in opposite direction of the electric field vector, for a nanoparticle smaller than the 

wavelength of light; C) Electromagnetic enhancement mechanism of SERS. 

 

 

 

 

 



5 

 

1.2 Label-free and Labeled SERS 

Based on the origin of the Raman signal, biological applications by SERS can be classified 

into two types: direct (or label-free) detection [21, 22], where SERS-active substrate directly 

capture the analytes so the collected Raman spectra comes from the intrinsic ‘footprints’ of the 

biomolecules of interest; and indirect (or labeled) detection [23], where a Raman reporter molecule 

is used as the extrinsic signal source to monitor the detection (Figure 2A). Different SERS-active 

substrates platforms are developed for various biomedical applications, such as nanostructured 

surfaces, aggregated colloidal nanoparticles and single nanoparticle tags. Surface substrates or 

aggregated colloids are mostly designed for direct detection of bio-analytes, where generation of 

hotspots is often involved to improve the detection limit. For direct detection, spectral interference 

from the other components in the system and precise structure control of hotspots for quantitative 

sensing are main issues. On the other hand, SERS nanotags are functioned with internal reporter 

molecules with strong and distinct Raman signals, and are usually further linked to targeting 

ligands for detection [24, 25]. Within 10-100 nanometer range, these nanoparticles are protected 

by biocompatible coatings and are versatile for a variety of biochemical sensing and imaging 

functions.  
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Figure 1.2 Illustration of SERS-based label-free detection (left) and labeled detection (right). 
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1.3 Design Principles of SERS Nanotags 

 

 

 

Figure 1.3 Scheme of SERS nanotag synthesis and library of SERS nanoparticle components: 

metal core, Raman reporter molecules, protective coatings and targeting ligands. 
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1.3.1 Metal core 

Figure 2B illustrates the typical synthesis process of a SERS nanoparticle (NP). Silver or 

gold is usually used as the metal core since the LSPR frequencies of noble metals fall within the 

visible and near-infrared (NIR) range. In the same condition, silver NPs show better plasmonic 

activity than gold and usually lead to stronger SERS enhancement [26]; however, silver is reported 

to be toxic to mammalian cells, and its surface gets oxidized easily in biological environment [27]. 

Gold is more chemically inert and has been demonstrated to show little toxicity in human clinical 

trials, therefore are more frequently employed for in-vivo studies [28]. Optical properties of the 

metal NPs depend on their size and geometry. Larger size red-shifts the LSPR frequency of the 

NP. Anisotropic shapes, such as rods, triangles or stars, create multipole modes with more than 

one resonance peak and enable their optical properties tunable to the NIR region, which is known 

as the biologically ‘transparent’ region and is thus ideal for ultra-sensitive and high-resolution 

detection and imaging [12, 29].  

Another aspect of designing metal core of SERS NPs is the creation of SERS ‘hotspots’ [30]. 

A broad definition of ‘hotspots’ could be any highly localized region of intense local field 

enhancement. Hotspots are commonly created by the following two approaches: 1) generation of 

sharp tips where high radius of curvature renders high electric field favorable for strong SERS due 

to the ‘nanoantenna’ effect, such as gold prisms or nanostars [31, 32]; 2) creation of junctions or 

gaps of two or more plasmonic surfaces where at least one of the objects has a curvature in 

nanometer scale, such as the so-called ‘nanomatryoshka’ core-shell structures with an internal gap 

for improved SERS properties [33, 34].  
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1.3.2 Raman reporter molecule 

Raman reporter molecule is the source of Raman signal that represents the nanoparticle. 

Theoretically, any Raman-active molecules could be used as reporter molecule, but their Raman 

cross section differ. Most of the commonly used reporter molecules are chromophores with 

aromatic rings, for example, malachite green, crystal violet and rhodamines. Choosing a dye 

molecule with absorption spectrum that overlaps with the excitation laser can further enhance the 

overall SERS intensity for an additional 2 orders of magnitude by surface-enhanced resonance 

Raman scattering (SERRS), which is one of the chemical enhancements due to electrons transition 

between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) in resonance with the optical field [18, 35]. 

It is important that the reporter molecules are closely attached to the metal since electric field 

intensity decays tremendously with distance away from the plasmonic surface. Therefore, small 

molecules with anchoring groups such as thiol (-SH) or isothiocyanate (-NCS) that can form 

chemical bond with gold atoms is a class of popular reporter molecules, for example, 1,4-

benzenedithiol (BDT) and 4-mercaptobenzoic acid (MBA) [36, 37]. These small thiolated 

aromatic molecules are advantageous in multiplex labeling because there are only a few distinct 

peaks in each of their Raman spectra so it is hard to overlap with each other [38]. Most of the 

fluorophores lack anchoring groups and thus can only attach to the gold nanoparticle via 

electrostatic interaction [39]. Beyond commercially available molecules, rational design of 

reporter molecules remains a hot topic with the purpose of creating molecules with desired 

resonance frequency, large Raman cross section and strong anchoring group to enable intense and 

stable SERS signals [40]. Also, since biological tissues barely show Raman peaks in 1800-2800 

cm-1 (also called bio-silent region), the bio-orthogonal Raman reporters with characteristic peaks 
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in this region, such as Prussian blue, have been studied to reduce the interference from the bio-

environment [41-43]. 

1.3.3 Biocompatible coating 

As-synthesized gold nanoparticles are stabilized with charged ligands such as citrate, CTAB 

or CTAC to ensure good dispersion in aqueous solutions. However, electrostatic force alone cannot 

stabilize nanoparticles in high ionic-strength buffers due to surface charge screening effect [44]. 

Moreover, bare gold nanoparticles are easily to be contaminated by proteins in biological fluids, 

leading to reporter molecules damage, unexpected NP aggregation and severe immune response 

[45, 46]. It is thus necessary to function SERS nanotags with a ‘stealth’ coating to resume normal 

SERS performance. The most popular biocompatible coating for SERS NPs is polyethylene glycol 

(PEG), which was reported to enable prolonged blood-circulation lifetime of NPs because the 

ultra-hydrophilic ethylene glycol (EG) chains prevent biofouling due to unfavorable interaction 

with proteins [25]. Another advantage of PEG is its facile chemistry to enable well-defined end 

groups, making it convenient for further targeting moiety conjugation. However, though PEG can 

reduce protein adsorption, it is unable to completely suppress it. Recently, zwitterionic polymer 

was proposed as an alternative hydrophilic coating instead of PEG [47]. In a zwitterionic ligand, a 

positively charged moiety and a negatively charged moiety are linked by a small carbon chain to 

result in an overall neutral charge. Similar to PEG, the strong affinity with water of zwitterions has 

been postulated as the reason for the great antifouling properties of this type of ligands. The 

drawback of zwitterionic polymers, however, is that their pH-dependence makes their performance 

unstable in complex biological environment. 

Silica encapsulation is a widely used inorganic coating for SERS NPs. Typically, the silica 

coating of encoded metal NPs follows the classic Stöber method involving tetraethyl orthosilicate 
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(TEOS) to deposit a mesoporous silica layer with controllable thickness [48]. The silica coating 

provides robust mechanical protection of the NPs, but also limits the selection of reporter 

molecules because only molecules with strong anchoring groups can stay during the coating 

process [49]. Another drawback of silica layer is that the charged surface is prone to have non-

specific binding with biological materials, making it not favorable for in-vivo applications. As an 

improved method, silane-PEG which adds an additional layer of PEG coating outside of silica are 

employed to improve the water-solubility and biocompatibility [50].  

High-molecular-weight proteins such as bovine serum albumin (BSA) have also been 

reported as biocompatible layer by forming an effective protection corona around encoded SERS 

NPs [51]. It is believed that the disulfide residues of the BSA interact with remaining gold sites on 

NP surface and form strong Au-S bond. The BSA corona provides protection of reporter molecules 

and steric repulsion to avoid NP aggregation. It also reduces cytotoxicity of the nanotags since 

BSA is a common serum protein.  

1.3.4 Targeting ligand conjugation 

The last step of SERS nanotag synthesis is targeting ligand conjugation [52]. In most of the 

cases, targeting ligands such as antibodies, peptides or DNA single strands are connected to the 

SERS tags via the functional groups at the surface of the protective coating. For example, typical 

terminal functional groups for antibody conjugation are amine or carboxyl groups, which can 

easily form amide bond with amine or carboxyl groups of the ligand via carbodiimide activation 

(EDC/NHS reaction) in aqueous environment. For PEG coating, end group can be introduced using 

bifunctional PEG with one end of thiol group to link with gold NPs, and the other end of active 

functional group for bioconjugation [25]. For silica shell, silane with amino or thiol groups can be 
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employed after the silica layer deposit to enable outward functional groups [50]. The choice of 

ligand depends on the tissue or biomolecule of interest and will not be elaborated here. 

 

1.4 Biomedical Applications of SERS Nanotags 

SERS nanoparticles gain special attention because of its unique advantages over other bio-

sensing nano-agents. First, SERS is a rather sensitive and selective technique that is able to realize 

molecular-level detection of biological analytes in complex systems. Typical detection limit of 

SERS NPs is around pico- to femto-molar range, giving it great potential for trace analysis such 

as circulating tumor cell detection [53, 54], biomarker quantification [55] and point-of-care (POC) 

metabolic sensing [56, 57]. Second, in contrast to other optical agents such as fluorescence, SERS 

NPs are extremely photostable over a long period, enabling sufficient operation window for 

repeated or long-term measurement [24]. Third, SERS NPs are ideal for multiplexing spectroscopy 

such as parallel detection or multiple biomarker quantification owing to the narrow full-width at 

half maximum (FWHM) of Raman signal peaks, which is typically 1-2 nm (10-30 cm-1) compared 

with 50-100 nm of fluorescence emission band [11, 41, 58]. Last, the use of SERS NPs with 

resonance at NIR region elegantly suppress unwanted biological auto-fluorescence and is thus 

ideal for in-vivo studies that require NIR excitation [12, 59]. Specific examples will be given in 

the following sections focusing on functions, applications and corresponding outstanding features 

of the SERS nanotags.  

1.4.1 SERS nanotags for biodiagnostics 

Robust biodiagnostic platforms based on SERS NPs have been widely explored. the high-

sensitivity, multiplexing and quantitative SERS biodetection techniques offer abundant choices to 

analyte disease-specific biomarkers, particularly in body fluids such as blood or urine. One 
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example is the detection of nucleic acids, including virus DNA, circulating DNA and microRNA, 

which are important biomarkers of diseases or virus-positive disease. The nucleic acid SERS 

detection can be achieved via the regular sandwich assay using SERS NPs. Kim et al. have reported 

the Au core-Ag shell SERS NPs with an enhancement factor of up to 109 [60]. Combined with the 

DNA-modified magnetic beads, these NPs were used to detect target hepatitis A virus (HAV) 

DNA strands with an impressive LOD of 10-100 aM. Another example is SERS based lateral flow 

assay (LFIA), a new and promising technique in point-of care treatment (POCT) diagnostics for 

quantitative, sensitive and rapid detection of biomarkers. SERS NPs as LFIA labels can highly 

improve the detection limit and quantification capability [55]. The pioneering work of Choo group 

in detecting HIV DNA and staphylococcal enterotoxin B has demonstrated an LOD with 3 orders 

of magnitude lower than the colorimetric LFIAs [61, 62]. The fingerprint spectrum further renders 

SERS nanotag excellent multiplexing capability. This can be achieved by making multiple TLs to 

capture different SERS NP labels [63]; or, by using a single TL to capture multiple SERS labels 

that exhibit different Raman signal, and then separating each signal from the mixed spectrum 

collected at TL. This is of significance for the rapid detection of multiplexing markers in the same 

sample without additional reagents or multiple-stage pretreatments.  
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Figure 1.4 (A) The regular LFIA test procedure with the colorimetric readout. (B) SERS LFIA for 

both SERS and colorimetric analysis. (C) A portable Raman reader with a line laser that can 

shorten the acquisition time to 5s. Reproduced from Ref. [57]  
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1.4.2 SERS nanotags for bioimaging 

Among various biomedical areas that SERS has been employed, the most exciting of all is 

its imaging performance. Compared to conventional optical or non-optical imaging techniques, 

SERS demonstrates superiority in many aspects. The most well-known strength is its high 

sensitivity together with great photo-stability, which are proven advantageous with respect to 

fluorescence imaging. High brightness of SERS tags allows detection limit down to atto-molar 

level unmatched by any other imaging methods such as MRI, X-ray CT or PET [64, 65]. 

Furthermore, SERS also shows superior resolution of micro-meter range and high-speed real-time 

imaging, making it competent as an intraoperative imaging technique. 

Live cell imaging that studies dynamic activities both in space and time in single cells is 

thus one of the most important areas in biomedical research. A pioneering work by Kang et al. 

reported a high speed and high resolution multiplexed live cell Raman imaging using small 

spherical gold NPs with highly narrow intra-nanogap structures (Au-NNP) [66]. Because of the 

great brightness of Au-NNPs, the photothermal damage to the cells were negligible with the use 

of low laser power (200 μW) and fast scanning speed (30 s for 50 ⨯ 50 pixel) with an integration 

time of 10 ms per pixel). These features make it possible to monitor the rapidly changing cell 

morphologies during cell death by the high-speed Raman live cell imaging technique. The type 

and expression of biomarkers on cell surfaces and related cell phenotype classification is important 

to various disease diagnosis, especially in the case of cancer [9, 10]. One example for SERS 

imaging of cell-surface species is immuno-SERS (iSERS) [67]. The advantage of SERS in 

biomarker and cell phenotype identification is its tremendous multiplexing capability that can 

realize parallel detection of several proteins. For example, Lee et. al reported an iSERS-based 

cellular imaging technique to quantify multiple breast cancer phenotype biomarkers on cell 
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membranes [68]. The multiplexing SERS mapping demonstrated successful identification of 

expressed biomarkers and tumor cell phenotypes faster and more accurate than traditional western 

blot results (Figure 6D). 

In addition to cells, SERS nanotags are also applied to image tumors, especially to elucidate 

tumor margins, and to detect tumor metastasis in organs. Before discussing various SERS tissue 

imaging applications, we briefly introduce two types of NPs targeting strategies in vivo: passive 

targeting and active targeting. In passive targeting, SERS nanotags are injected into the animal and 

passively accumulate in organs, among which tumor becomes a preferable accumulating place due 

the enhanced permeability and retention (EPR) effect [69]. Active targeting enables NPs to 

actively target specific tumor cells via the conjugated receptors. It was illustrated by several studies 

that active targeting showing advantages over passive targeting in aspects of elongated NPs 

retention time in tumor tissues and increased receptor-mediated internalization of NPs [46]. 

However, there are still debates about the relative contributions of the active and passive targeting 

mechanisms. For example, Chan et al. reported recently that EPR effect is more related to an 

‘active’ trans-endothelial pathway rather than a ‘passive’ process through inter-endothelial gaps 

[70]. 

An example of SERS nanotags used for tissue imaging is metastatic lymph node (LN) 

mapping. In a pioneering work, Ye group presented progresses regarding SERS-based precise 

sentinel lymph node (SLN) detection both ex-vivo and in-vivo. [71, 72] Due to specific uptake of 

GERTs by the SLN and the high specificity of Raman spectrum of GERTs, high-contrast images 

were obtained both in situ and ex vivo showing clear boundary of the SLN to distinguish it with 

the adjacent fat (Figure 6G) [71]. 
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Figure 1.5 SERS nanotags used for live cell imaging and tumor tissue imaging. A) Time-

dependent live cell Raman images after incubating with three types of subcellular targeting NPs. 

[73] B) High-contrast intraoperative Raman imaging of SLNs. [71] 
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1.4.3 SERS nanotags for spectroscopy-guided surgery 

Surgery remains the main options for most solid tumor treatments. SERS NPs are highly 

promising intraoperative contrast agents for the identification of lesion margins, including primary 

tumors, draining lymph nodes, and metastatic sites, with their excellent sensitivity, specificity, 

targeting capability and biocompatibility. The hand-held Raman probes revealed their potential in 

open surgery, particularly the brain tumor resection. Kircher group evaluated the performance of 

a hand-held Raman scanner in identifying the microscopic glioblastoma tumor in mice [74]. The 

portable hand-held scanner provided variable angles, showing prognostic benefit for the search on 

residual tumors that were invisible by a static Raman microscope. In another example, A miniature 

Raman endoscope enabling rotational scanning and axial pull-back was employed to image the 

SERS NPs bound on the esophagus lumen [75]. These point-detection endoscope devices were 

combined with SERS NPs to screen cancers of the esophagus, colon, cervix where small areas of 

tissue is under examination. 

The invention of multimodality and multifunctional SERS NPs revealed “all-in-one” 

strategy for precision cancer theranostics. [76] These approaches allow preoperative staging and 

location (MRI, CT, PEI), intraprocedural guidance (Raman, fluorescence and photoacoustics) and 

post-surgery examination (Raman), facilitating the precision tumor diagnostics. The multi-

modality SERS NPs not only enables the incorporation of Raman technique into current paradigms 

to facilitate its clinical translation, but offer additinoal advantages for SERS imaging. For instance, 

PA, CT and MRI exhibit higher penetration depth in human body than optical imaging.  Their 

integration with SERS NPs assisted the localization of tumors in deep layer. For example, Kircher 

et al. reported a triple-modality SERS NPs combined with PA and MRI imaging to successfully to 

monitor tumor localization and margins during the resection of malignant brain tumors [77]. It is 
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also expected to load the radiotracers to the silica coating of SERS NPs to realize the PET/SERS 

dual-modality [78]. 
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CHAPTER 2: BRIGHT AND STABLE SERS NANOTAGS  

WITH HYDROPHOBIC INNER DOMAIN 

 

2.1 Motivation – To Improve Signal Robustness of Dye-encoded SERS NPs in Biological 

Fluids 

In solutions, nanoparticles frequently collide with each other due to Brownian motion. 

Strong electrostatic or steric repulsion are employed between NPs to avoid irreversible aggregation 

during collision. However, in biological media with high ionic strength, nanoparticles are more 

prone to aggregate due to the charge screening effect, which in return compromises the stability of 

SERS signal. For SERS nanotags with intrinsic Raman reporters as the inner standard, integrity of 

the reporter and their close attachment on the NP surface are essential to a stable and uniform 

SERS intensity in biological fluids, especially for quantitative sensing. Chromophores own large 

cross-section and generally stronger SERS intensity, but their drawback is that they typically 

adsorb on plasmonic surface only by electrostatic force instead of covalent bond [39], and as a 

result they are easily to dissociate from NPs surface to the solution and result in SERS signal loss 

with time.  

Abundant proteins and cells in physiological environments such as blood interact with 

SERS nanoparticles once they enter the circulation system, changing the so-called “synthetic 

identity” of the NPs – such as surface chemistry, size and shape of the NPs as-synthesized – into 

their “biological identity” by forming protein corona [79]. Protein corona are known to cause 

nonspecific binding of the NPs by hindering the targeting ability of the conjugated ligands; it also 

accelerates the uptake of NPs by mononuclear phagocyte system [45, 46]. For SERS NPs encoded 



21 

 

with weakly attached chromophore, adsorbed proteins easily replace or deform the reporters, 

leading to reduced signals and unreal Raman peaks with high auto-fluorescence background.  

Commonly used protective layers that stable SERS signal in biological include thiolated 

poly(ethylene) glycol (SH-PEG) and silica shell. The mushroom-like configuration of PEG chains, 

though have some resistance to unfavorable protein attachment, still allows serum proteins 

permeation and reporter molecules diffusion, and its ability to avoid NP aggregation depends a lot 

on the molecular weight and packing density of the polymer [44, 80, 81]. Silica encapsulation 

enable SERS NPs with better mechanical properties against NP coupling, but the deposition of 

silica shell competes with physically adsorbed chromophores [49]. Some novel classes of 

biocompatible coatings for SERS NPs emerge recent years such as amphiphilic block-copolymers 

[82], zwitterionic polymers [47] or layer-by-layer deposition of polymer electrolytes [83], but 

almost all of them requires complicated chemical synthesis and multiple coating steps. It is thus 

important to find a simple, universal and versatile protective coating for biological applications of 

SERS NPs. 

 

2.2 Experimental Section 

Chemicals and materials. Deionized water (DI water) was used throughout the work. The 

following chemicals were used as purchased without any further purification: citrate stabilized 

gold nanospheres (60-nm) at a concentration of 2.6 ⨯ 1010 /ml (4.32 x 10-2 nM) from Ted Pella 

Inc., 11-mercaptoundecanoic acid (MUA, 95%), diethyl ether (≥ 99.7%), Dimethylformamide 

(DMF), sodium citrate, 5k poly(ethylene glycol) methyl ether (mPEG, Mn 5000 Da), 2k 

poly(ethylene glycol) methyl ether (mPEG, Mn 2000 Da), 2k poly(ethylene glycol) methyl ether 

thiol (mPEG thiol, Mn 2000 Da), 2-[2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-
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indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide 

(IR-780, dye content ≥ 95%), malachite green (MG), crystal violet (CV, ≥ 90%), 4-[2-[2-Chloro-

3-[(2,6-diphenyl-4H-thiopyran-4-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-2,6-

diphenylthiopyrylium tetrafluoroborate (IR-1061, dye content 80%), gold(III) chloride trihydrate 

(HAuCl4·3H2O), L-ascorbic acid, silver nitrate (AgNO3), poly(sodium 4-styrenesulfonate) (Na-

PSS) solution (average Mw ~70,000, 30 wt. %), hexadecyltrimethylammonium bromide (CTAB), 

bovine serum albumin (BSA) and fetal bovine serum (FBS) from Sigma Aldrich; 3,3'-

Diethylthiatricarbocyanine iodide (DTTC, ≥ 96%) was purchased from Alfa Aesar; 4-

nitrobenzene-1-thiol (4-NBT) from TCI; ethylenediaminetetraacetic acid dihydrate (EDTA·2H20) 

and 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) from Thermo Scientific; poly(ethylene glycol) 

methyl ether thiol (mPEG thiol, Mn 5000 Da) from Laysan Bio Inc.. 

Hydrophobic domain PEG ligand synthesis. Synthesis of MUA-PEG ligand follows the method 

outlined in Schultz et al [84]. In brief, 11-mercaptoundecanoic acid (MUA) and mPEG (5k Da or 

2k Da) was mixed in 3:1 molar ratio in a round-bottom flask and kept under vacuum at 110 ℃ for 

1 hour. Then the temperature was ramped up to 160 ℃ under N2 atmosphere with a reflux 

condenser and kept for 72 hours. The unreacted MUA was removed by multiple washings of cold 

diethyl ether. 

Synthesis of shape varied AuNPs. Glassware and stir bars for gold nanoparticle synthesis were 

washed by aqua regia before use. Gold nanorods were synthesized by a seed-mediated growth 

method [85]. A seed solution was first synthesized by quickly adding 600 μL of ice-cold 10 mM 

NaBH4 solution to a mixed solution of CTAB (5 mL, 0.2 M) and HAuCl4 (5 mL, 0.5 mM) under 

vigorous stirring. The seed solution was continued stirring for 2 min and then kept at room 

temperature for over 1 h before the next step. For the growth of nanorods, a CTAB solution (20 

https://www.sigmaaldrich.com/catalog/substance/goldiiichloridetrihydrate393831696125411
https://www.sigmaaldrich.com/catalog/substance/goldiiichloridetrihydrate393831696125411
https://www.sigmaaldrich.com/catalog/substance/goldiiichloridetrihydrate393831696125411
https://www.sigmaaldrich.com/catalog/substance/goldiiichloridetrihydrate393831696125411
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mL, 0.2 M) was first mixed with a HAuCl4 solution (20 mL, 1 mM) and a AgNO3 solution (1.2 

mL, 4 mM) at a 30 ℃ water bath. To the above solution, 380 μL of 0.0788 M ascorbic acid solution 

was added, followed by gentle shaking. The growth solution was observed to change from yellow 

to colorless. After that, 48 μL seed solution from the first step was added followed by gentle 

shaking, and the growth solution was kept at 30 ℃ unstirred. After 1 h, the growth was stopped 

by centrifuging the resulted Au nanorods solution at 4000 g. The washed nanorods solution was 

re-dispersed to 2 mM CTAB solution. The as-synthesized Au nanorods were then treated with a 

surfactant exchange process to enable Raman reporter molecules attachment [86]. Typically, 10 

mL of nanorods dispersed in 2 mM CTAB solution was first centrifuged at 4000 g. 9.5 mL of the 

supernatant were removed, and pellet were re-dispersed to 10 mL by DI water. The resulted 

nanorods solution (current CTAB concentration 0.1 mM) was then added to 100 mL of Na-PSS 

solution (0.15 wt.%) and kept at room temperature for over 1 h. After the incubation, the nanorods 

solution was centrifuged at 4000 g and re-dispersed to 0.15 wt.% Na-PSS solution for two cycles, 

and then centrifuged again at 4000 g and re-dispersed to 5 mM sodium citrate solution. The Au 

nanorods were incubated in sodium citrate solution overnight. Finally, the Au nanorods were 

washed again at 4000 g by 5 mM sodium citrate. The concentrations of the citrate-stabilized Au 

nanorods were determined by ICP-MS. The Au nanorods solution were finally diluted to 32 mg/L 

in 5 mM sodium citrate for long-term storage. Gold nanostars were synthesized using a seed-

mediated method [87]. First, 15-nm small AuNPs were synthesized as the seed. A water solution 

of 2.2 mM sodium citrate (60 mL) was heated to boiling under vigorous stirring. Once boiling had 

commenced, 400 μL of HAuCl4 solution (25 mM) was quickly injected. The reaction completed 

within 10 min where the solution turned from yellow to purple grey and then to burgundy. The 

resulted solution was centrifuged 3 times and stored as Au seed for the next step. For Au nanostars 
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synthesis, to 4 mL HAuCl4 solution (0.25 mM), 4 μL of 1N HCl and 280 μL of 15-nm citrate gold 

seeds were added followed by simultaneous addition of 40 μL AgNO3 solution (3 mM) and 40 μL 

of ascorbic acid solution (100 mM) under stirring. The reaction was performed at room 

temperature, and the process was completed in less than 2 min. 

Raman reporter (RR) molecules attachment on AuNPs. Raman reporter molecules DTTC, IR-780, 

MG, CV and IR-1061 stock solutions were prepared by dissolving 1 mg of the dye molecules into 

1 mL of DMF. The stock solutions were diluted by DI water to form a dye concentration of 2.62 

μM for fresh use. Typically, 10 μL above dye molecule solution was dropwise added to 600 μL 

AuNPs (4.32 x 10-2 nM) under moderate stir to form a dye molecule concentration of 1000 dye 

per nanoparticle. Raman reporter molecule 4-NBT stock solution was prepared by dissolving 1.62 

mg 4-NBT into 1 mL ethanol. The stock solution was then diluted by DI water to form a molecule 

concentration of 26.2 μM for fresh use. Typically, 30 μL above NBT solution was dropwise added 

to the prepared Au nanostar solution under moderate stir to form a dye molecule concentration of 

approximately 4000 dye per nanoparticle. 

PEGylation of reporter molecules attached AuNPs. After 30 min incubation with RR molecules, 

the AuNP@RR solution was mixed with PEG solutions (51.8 μM) at certain molar ratio for 1 hour 

to achieve various PEG coating densities. The SERS nanoparticles were then washed twice by 

centrifugation at 1100 g to 3000 g to remove excess PEG and RR molecules.   

Quantitative PEG ligands adsorption measurement. PEG ligand packing density was determined 

by quantitatively measuring free thiol group concentration in centrifugation supernatant using 

Ellman’s reagent. Briefly, the reaction buffer solution was prepared by dissolving 18.6 mg 

EDTA·2H2O in 50 mL 10× PBS (1 mM, pH=7.4). A 10 mM Ellman’s reagent solution was 

prepared by adding 4 mg DTNB into 1 mL above reaction buffer solution. Then, the Ellman’s 
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reagent solution was mixed with reaction buffer solution by a volume ratio of 1:50 to obtain a test 

solution with a DTNB concentration of 0.2 mM. After PEGylation, the supernatants of the 

centrifuged samples were collected, and test solution was added to each sample at a volume ratio 

of 1:8. The reaction was allowed for 15 min under room temperature, and the absorbance of the 

mixture was read on plate reader (BioTek, Winooski, VT). Free thiol group concentration was 

calculated based on the standard absorbance-concentration curve of PEG or MUA-PEG solutions. 

The footprints of self-assembled PEG on AuNPs was previously reported to be 0.35 nm2, based 

on which the maximum PEG ligand packing densities are estimated to be 32,297/NP [88]. 

AuNP surface protein quantification by Bradford assay. Quantification of protein on each AuNP 

was conducted using a Pierce™ Coomassie Plus (Bradford) assay kit. Briefly, the SERS nanotags 

dispersed in 5% FBS for 24 hours were centrifuged and re-dispersed to 1× PBS for 4 times to wash 

out unbonded proteins. 1 mL of the washed SERS nanotags (AuNP concentration: 4.32 x 10-2 nM) 

were then concentrated to 150 μL by centrifugation, to which 150 μL of the Coomassie Plus 

reagent was added. The solution was mixed with plate shaker for 30 seconds, then incubated 

without shaking at room temperature for 10 min. Absorbance of each sample was measured at 595 

nm on a BioTek Synergy 2 plate reader (BioTek, Winooski, VT). Considering AuNPs have 

intrinsic absorbance near 595 nm, SERS nanotags of the same concentration but was not incubated 

in serum solution were used as blank replicates to subtract the influence of Au absorbance. Protein 

concentration of each sample was then determined based on the standard BSA curve.  

SERS nanotags characterization. Absorbance spectra of AuNP solutions were obtained from a 

GENESYS™ 10S UV-Vis Spectrophotometer. Dynamic light scattering (DLS) was fulfilled on a 

Malvern Nano ZS90 Zetasizer. Weight concentrations of AuNPs in solutions were measured by 
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inductively coupled plasma-mass spectrometry (ICP-MS, NexION 350D, PerkinElmer). 

Transmission electron microscope (TEM) pictures were taken by a JEOL 2100 Cryo TEM. 

Raman spectrum measurement. Raman spectra at 785 nm and 1064 nm were obtained using an 

Agility transportable 785/1064 nm dual-band benchtop Raman spectrometer (East JHX, Inc.). 200 

mW of laser power was used for both 785 nm and 1064 nm as the excitation source. The band 

intensities were calibrated by standard sample (benzonitrile) spectrum. Raman spectra at 532 nm 

were obtained using a Nanophoton Raman 11 confocal microscope at a laser power of 50 mW. All 

the Raman spectra were baseline corrected to remove fluorescence background. 

 

2.3 Results 

Hydrophobic domain locked SERS nanotags were prepared by introducing an amphiphilic 

polymer ligand coating on AuNPs via Au-S binding. The amphiphilic polymer, which we refer to 

as MUA-PEG, was synthesized by an esterification reaction of 11-mercaptoundecanoic acid 

(MUA) and poly (ethylene glycol) methyl ether (mPEG). Once conjugated to AuNPs via Au-S 

bonds, the aliphatic parts of the polymer ligands form an inner hydrophobic shell wrapping the 

AuNP, while the hydrophilic PEG serves as the biocompatible coating towards the outside 

(Scheme 2.1). The successful introduction of the inner hydrophobic layer on gold surface was 

demonstrated by the hydrodynamic size change of the AuNP after ligand exchange, where the 

hydrodynamic diameter of MUA-PEG coated NPs was measured to be 76-77 nm compared with 

that of 74-75 nm for PEG coated NPs (Figure 2.1B). The total 2-3 nm size increase is in accordance 

with the fact that the molecular length of single MUA is around 1.5 nm (Figure S2.1A) [89]. Also, 

the absorbance peaks of MUA-PEG samples showed a slightly red-shift from 536.3 nm to 537.3 

nm compared with PEG samples (Figure 2.1A), giving the evidence that the AuNP surface was 
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replaced by an aliphatic layer, a medium of higher RI compared with water-enriched PEG 

surroundings [90]. 

 

 

 

 

Scheme 2.1 Illustration of the hydrophobic locking AuNPs (AuNP@MUA-EPG) and traditional 

PEG locking AuNPs (AuNP@PEG). The red layer represents the introduced aliphatic shell 

between hydrophilic PEG chains and AuNPs. Chemical structures of thiolated PEG and MUA-

PEG are shown at the bottom. 
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Figure 2.1 A) UV-Vis spectra of dye-attached AuNPs and dye-attached AuNPs with PEG and 

MUA-PEG coatings, respectively. Inserted: LSPR peak shift of PEG and MUA-PEG coatings. 

B) Hydrodynamic sizes of AuNPs, dye-attached AuNPs and dye-attached AuNPs with PEG and 

MUA-PEG coatings, respectively. 

 

 

 

 

 

 



29 

 

The binding kinetics of MUA-PEG ligand was first studied to quantify PEG ligand packing 

densities on AuNPs. Ellman’s reagent was used to quantify the conjugated PEG ligand amount by 

measuring the leftover free thiol group concentrations in the supernatant of the centrifuged AuNPs 

after ligand exchange. Both ligands (PEG and MUA-PEG) were mixed with 50-nm Au 

nanospheres at room temperature for 1 hour to achieve ligand exchange balance. Based on the 

ligand quantification, 15,000:1 and 10,000:1 ratio of ligand to AuNP were used for PEG and MUA-

PEG coatings respectively to occupy a low percentage of AuNP surface area (~30%), while to 

achieve a high surface ratio (~70%), 50,000:1 (PEG) and 30,000:1 (MUA-PEG) ratio was applied 

(Figure S2.2). It is noticed that to achieve the same surface ratio, a lower MUA-PEG ligand 

concentration was needed than traditional PEG due to the denser and more organized conformation 

of the inner aliphatic chains that allows more favorable self-assembly on AuNPs [81]. To ensure 

fair comparison between MUA-PEG and PEG coated SERS nanotags, only NPs with the same 

ligand surface ratio were compared in the following discussion to make sure the property 

improvements are independent of PEG ligand packing density. The packing density estimation can 

also be applied to AuNPs with different sizes and shapes by converting the surface area to that of 

the 60-nm Au nanospheres. 
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Figure 2.2 A) Hydrophobic PEG Raman signal enhancement effect of the samples with different 

PEG and MUA-PEG surface ratios. Selected Raman peak: 1205 cm-1. B) Raman spectra of 

samples with different PEG coatings at 70% surface ratio for PEG and MUA-PEG. Laser: 785 nm, 

200 mW.  
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A SERS intensity enhancement effect brought by the MUA-PEG coating was first observed, 

which is particularly obvious at high PEG surface ratio (70%) where the aliphatic domain forms a 

hydrophobic layer. As shown in Figure 2.2, MUA-PEG shows its advantage over traditional PEG 

for up to 10 times SERS signal improvement. The possibility of hot-spot boosted SERS intensity 

caused by NP aggregation was first eliminated based on the good mono-dispersibility of the NPs 

indicated by the absorption spectra and DLS sizes (Figure S2.3 and Table S2.1). A series of 

experiments aiming at exploring the SERS enhancement mechanism by the hydrophobic domain 

were then conducted. First, the SERS enhancement effect was observed using PEG ligands with 

different molecular weights, where the length of the hydrophobic block was kept the same while 

the PEG block changes from 5k Da to 2k Da (Figure S2.5). It was also noticed that 2k Da MUA-

PEG coating showed slightly higher SERS signal than 5k Da MUA-PEG coating, probably due to 

the fact that shorter PEG ligands tend to pack closer to each other and thus create a denser 

hydrophobic shell. Second, MUA-PEG were applied on different shapes of AuNPs (nanorods and 

nanostars). Unlike a strong enhancement on Au nanospheres, the hydrophobic enhancement on Au 

nanorods was only 2-3 folds, and the enhancement effect becomes even less obvious on star-

shaped AuNPs (Figure S2.5). These two findings imply that the hydrophobic environment change 

at the plasmonic surface and its interaction with reporter molecules is critical for the SERS 

enhancement. 

We also investigated the hydrophobic SERS enhancement effect with different Raman 

reporter molecules. For both chromophores IR-780 and DTTC that resonant at the laser line, 785 

nm, MUA-PEG coating showed improved SERS intensity than hydrophilic PEG coating (Figure 

2.2 and Figure S2.6B). Next, we chose two off-resonance dye molecules at 785 nm, malachite 

green (MG) and 4-nitrobenzenethiol (4-NBT) as the reporter. No obvious enhancement of MUA-
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PEG coating was observed compared with PEG coating (Figure S2.6C&D). Finally, we measured 

Raman spectra of AuNPs excited at both the resonant and off-resonant laser line of the reporter 

dye respectively, where crystal violet (CV, resonant at 532 nm) and IR-1061 (resonant at 1064 nm) 

were employed as the reporters. The results showed that CV-encoded AuNPs exhibit hydrophobic 

SERS enhancement at 532 nm, but no significant enhancement at 785 nm (Figure S2.6E&F). 

Similarly, IR-1061 encoded AuNPs show SERS improvement by MUA-PEG at 1064 nm, but no 

enhancement at 785 nm (Figure S2.6G&H). 

The competition for free surface space between reporter molecules and PEG ligands, 

especially MUA-PEG ligands, occurs along with the hydrophobic enhancement effect. The 

competitive adsorption becomes obvious when MUA-PEG ligands are added excessively. As is 

illustrated in Figure S2.7, when MUA-PEG ligands were mixed with AuNP at a ratio of 100,000:1 

(excess), the enhancement effect drops considerably. The reason for the competition is probably 

that reporter molecules are edged out when MUA-PEGs self-assemble into a densely organized 

structure due to hydrophobic interaction. Though some of the dye molecules are replaced by MUA-

PEG ligands as hypothesized, MUA-PEG coating still exhibits better SERS enhancement than 

conventional hydrophilic PEG coating at up to 70% surface ratio, indicating broad prospects to 

develop near-surface dielectric medium modification for SERS enhancement. It is believed that 

the novel strategy for SERS enhancement, if combined properly with other reported enhancement 

methods, would turn out to have a considerable overall signal amplification. For future SERS 

intensity improvement based on this idea, a tradeoff should be considered. The key issue that needs 

attention is to ensure the compatibility of the near-surface dielectric medium with reporter 

molecules so that the signal enhancement is the most effective with concentration and functionality 

of the reporters being significantly maintained.  
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For practical biomedical applications, SERS nanotags should also maintain strong intensity 

in a long time period to allow sufficient operation time window without imaging signal drift. The 

hydrophobic inner domain was observed to show better Raman signal protection ability than 

conventional PEG coating. SERS intensity of the MUA-PEG coated SERS nanotags remained ~65% 

of the initial intensity after 24 hours, while the signal of PEG coated samples drops to ~50% 

(Figure S2.8A). The structure of inner hydrophobic domain is believed to be responsible for the 

better signal time stability. SERS signal time-drift arises mostly because the Raman reporters 

detach from the surface and diffuse away from the confined EM field. Here, though organic dye 

reporter molecules lack anchoring groups on AuNPs, they experience strong hydrophobic 

attraction with the inner alkane chains and thus are not preferable to leak from the AuNP surface. 

It is notable that a repeated experiment using 4-NBT as reporter molecule shows similar results 

(Figure S8B), indicating that the hydrophobic inner domain functions well on preventing both 

organic dye reporter molecules and small aromatic reporter molecules from detaching.  

In additional to SERS enhancement, the introduced inner hydrophobic domain also 

significantly improved the resistance to NP aggregation in high-ionic-strength saline buffers. 

Figure 2.3B shows the SERS signal changes of the two samples with different PEG coatings that 

were dispersed in 10× PBS for 24 hours. In saline buffer solutions, the conventional PEG coated 

nanotags showed increased SERS intensity, indicating generation of hotspots and partial 

aggregation of NPs, while the MUA-PEG coated samples remained consistent SERS intensity. 

The absorbance spectra (Figure 2.3C) further proved the EM field coupling of PEG coated samples 

by showing a broader peak extending to longer wavelength region due to the low-frequency 

plasmon modes resulted from the coupling between two dipole modes of each particle [91], while 

absorbance spectra of MUA-PEG coated NPs didn’t show such trend. Resistance to AuNP clusters 



34 

 

formation by the hydrophobic inner domain was also proved by the hydrodynamic size change of 

the SERS nanotags within 10× PBS for 24 hours, as shown in Figure 2.3D. The reason for stability 

against electrolyte-induced aggregation of MUA-PEG is similar with what was reported in 

previous literature [84], where the inner alkane chains form a ‘rigid’ shell around AuNPs and 

physically prevents the nanospheres from getting too close to generate hotspots and unwanted 

SERS signal change (Figure 2.3A). The introduction of the inner hydrophobic domain separates 

two nanoparticles by a distance of at least 3 nm from plasmonic surface to surface according to 

the thickness of the hydrophobic layer, which decreases the SERS enhancement factor by at least 

103 folds compared with a gap size of 1 nm [92]. Therefore, with the introduced hydrophobic layer, 

MUA-PEG coated SERS nanotags were proved to be more stable and well-dispersed in saline 

buffers for quantitative detection or complicated procedures.  
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Figure 2.3 SERS signal stability of PEG and MUA-PEG coated nanotags dispersed in 10× PBS 

buffer solutions. A) Schematic illustration of EM field hotspots prevention by the inner 

hydrophobic domain. B) SERS signal change of PEG and MUA-PEG coated nanotags before and 

after dispersed in 10× PBS buffers for up to 24 hours. C) Absorbance spectra change of the above 

nanotags before and after dispersed in 10 ×  PBS buffer solutions for up to 24 hours. D) 

Hydrodynamic size distribution evolution of PEG and MUA-PEG coated nanotags before and after 

dispersed in PBS buffer solutions for 1 and 24 hours. PEG coatings are at 70% surface ratio for 

both PEG and MUA-PEG.  
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Protein corona is known to hinder in-vivo functions of NPs by changing their physical and 

chemical properties. Here, to mimic the in-vivo environment, we dispersed both PEG and MUA-

PEG coated AuNPs to 5% fetal bovine serum (FBS) at 37 ℃. Both samples were blocked by 

bovine serum albumin (BSA) as a standard surface treatment before adding to FBS [93]. The signal 

of PEG coated AuNPs drop to only ~10% after dispersed in FBS for 8 hours, indicating rapid 

reporter contamination by adsorbed serum proteins. On the other hand, SERS signal of MUA-PEG 

coated NPs changed slowly with time, and over half of the signal was well-preserved after 8 hours 

(Figure 2.4A). Raman spectra of the nanotags also showed that though with increased background 

noise (which was resulted from abundant proteins), distinct Raman peak of MUA-PEG coated 

nanotags was well preserved 8 hours after dispersed in 5% FBS, while for PEG coated nanotags 

the Raman peak was immersed in increased noisy background (Figure 2.4C&D). A quantitative 

measurement of protein on each AuNP was conducted next using a Coomassie protein assay. To 

eliminate the influence of blocking BSA, AuNPs that was not blocked by BSA were applied, and 

both samples were washed four times after being kept in 5% FBS at 37 ℃ for 24 hours. As shown 

in Figure 2.4B, the proteins absorbed on AuNP@MUA-PEG were only 10% of that on 

AuNP@PEG. It was reported that the self-assembled alkyl chains on AuNP helped prevent protein 

adsorption due to unfavorable interaction between charged protein molecules and the dense 

hydrophobic shell [94]. Here, our work further shows that the hydrophobic domain can maintain 

real SERS signal in complex biological systems by reducing unfavorable protein adsorption, 

making these SERS NPs promising for quantitative in-vivo detection. We believe that the novel 

hydrophobic domain modified MUA-PEG exhibited good protection of SERS nanotags in 

biological buffers by preventing hotspots generation and protein corona formation, bringing 

possibility to achieve quantitative SERS sensing through biological processes or in-vivo activities.   
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Figure 2.4. Hydrophobic domain provides better resistance to protein corona formation. A) SERS 

signal change of PEG and MUA-PEG coated AuNPs after dispersed in 5% FBS solution at 37 ℃. 

Both samples were blocked by BSA before adding to FBS. B) Quantitative protein amount per 

AuNP measured by Coomassie protein assay 24 hours after dispersed in 5% FBS at 37 ℃. C, D) 

Raman spectra evolution of AuNP@IR780@PEG (C) and AuNP@IR780@MUA-PEG (D) 

dispersed in 5% FBS solution at 37 ℃ for up to 8 hours. 
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2.4 Discussion – Hydrophobic Domain Geometry and SERS Enhancement Mechanism 

The formation of the hydrophobic domain by the alkay-modified PEG on AuNP surface 

was first studied. In fact, the preparation and characterization of well-organized self-assembled 

monolayer (SAM) of long-chain alkanethiolates (HS(CH2)n R) on bulk gold (111) surface have 

been extensively studied since the last century [95-97]. Typically, long chain alkanethiolates 

chemisorb as ordered densely packed arrays on Au with an average tilt angle of ~30º from the 

surface normal, forming a semi-crystalline domain that allows totally surface properties of bulk 

Au such as wettability, electron transfer and adhesive strength [97]. It was reported that sulfur 

atoms of unfunctionalized long-chain alkanethiolates form a commensurate hexagonal (√3 ⨯

√3 )R30º overlayer with an S-S spacing of 4.97 Å and an idealized packing density of 21.4 

Å2/thiolate (Scheme 2.2) [96]. The SAM of alkanethiolates was further developed with oligo 

(ethylene glycol) (OEG) or poly (ethylene glycol) (PEG) as the end group to provide protein 

resistance ability of the film on Au surfaces [94, 98]. Though PEG in its helical form has a larger 

molecular cross section, but can be accommodated on top of the crystalline alkanethiol layer with 

an in-plane packing density of 21.4 Å2/thiolate.  

However, if the SAM of MUA-PEG happens on the surface of nanoscale Au particles 

instead of planar Au surface, the packing density of 5k MUA-PEG is thus reported to decrease 

from 21.4 Å2/thiolate to 30-35 Å2/thiolate on 100-nm Au nanorods [99] and 50-58 Å2/thiolate on 

15-nm Au nanospheres [100] due to higher curvature of smaller nanostructures [101]. In this study, 

we observed a number of ~14,000 MUA-PEG (5k) ligand being adsorbed on each 50-nm Au 

nanospheres measured by Ellman’s reagents of free –SH group, which corresponds to a density of 

1.78 PEG/nm2, or 56 Å2/thiolate, or a grafting density of ~7.5 Å (D, average distance between 

neighboring PEG chains). It is known that when D is smaller than the Flory radius (RF ~ aN3/5, 
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where N is the degree of polymerization, and a is the effective monomer length = 0.35 nm for 

PEG), the PEG stretch away from the NP surface and forms a “brush” layer instead of a 

“mushroom” formation (D > RF) [102]. At very high coverage with RF/D ≥ 2.8, the PEG-coating 

enters the “dense-brush” regime. With a grafting density D of ~7.5 Å and RF of 5.9 nm for 5k 

MUA-PEG, RF/D is calculated to equal to 7.8 in this study, indicating that the packing density of 

MUA-PEG is high enough to form a dense inner hydrophobic layer and a completed different 

surface environment on AuNPs.  
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Scheme 2.2 Schematic diagram of an ideal, single-crystalline SAM of alkanethiolates 

supported on a gold surface with a (111) texture. Scheme reproduced from Ref. 97. [97] 
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The mechanism study of the observed SERS enhancement effect was followed. The 

electromagnetic enhancement mechanism was hypothesized to be the primary reason of the 

enhancement, where the dielectric medium around plasmonic NPs changing from polar aqueous 

medium to non-polar alkane layer leads to an amplified local EM field. According to the EM 

enhancement mechanism of SERS, the overall SERS enhancement factor is roughly the fourth 

power of the EM field amplification enhancement, as shown in Equation 1 [24]: 

G ≈ |
𝐸𝑙𝑜𝑐

𝐸0
|

4

= |
𝜀𝑚−𝜀𝑠

𝜀𝑚+2𝜀𝑠
|

4

(
𝑅

𝑅+𝑑
)

12

          (Equation 2.1) 

Here, G is the SERS enhancement factor. Eloc and E0 are the EM field amplitude of the 

local field near NP surface and that of the incident field, respectively. 𝜀𝑚 and 𝜀𝑠 are dielectric 

constants of the metal core and the surrounding medium. R and d are the radius of the NP and the 

distance between the molecule and the plasmonic surface. The dielectric constant of gold (𝜀𝑚) is 

determined based on the excitation wavelength [103]. The dielectric constant of the nanoscale 

alkanethiolate layer was reported by several groups to be in a range of 2.0 to 2.7 measured via 

different methods [104-106], which was also shown to slightly vary on alkane chain length and 

the monolayer thickness [89]. It was shown that for a MUA film with a thickness of ~1.55 nm, the 

dielectric constant was determined to be 2.1 using surface plasmon resonance spectroscopy (SPR) 

[89]. Considering a Raman reporter molecule attached on a AuNP with fixed radius and distance 

to the plasmonic surface, when dielectric constant (𝜀𝑠) of the surrounding medium changes from 

80.4 (𝜀water) to 2.1 (𝜀alkane), the enhancement factor change (Gℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 G𝑤𝑎𝑡𝑒𝑟⁄ ) for 785 nm laser 

excitation (𝜀𝑚 = -22.9+1.4i) is calculated as Equation 2, which is qualitatively within the range of 

enhancement that we observed experimentally:  

Gℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐

G𝑤𝑎𝑡𝑒𝑟
= |

𝜀𝑚−𝜀𝑎𝑙𝑘𝑎𝑛𝑒

𝜀𝑚+2𝜀𝑎𝑙𝑘𝑎𝑛𝑒
|

4

|
𝜀𝑚+2𝜀𝑤𝑎𝑡𝑒𝑟

𝜀𝑚−𝜀𝑤𝑎𝑡𝑒𝑟
|

4

≈ 17               (Equation 2.2) 
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On the other hand, the competition of MUA-PEG with reporter dyes molecules on the 

AuNP surface could be a counter-effect that result in weak or no SERS enhancement on anisotropic 

Au structures such as rods and stars. It is known that the strong SERS enhancement of Au nanorods 

and nanostars come from the reporter molecules sitting in the high SERS-active “hotspot” areas 

on high-curvature structures due to the “lightning rod” effect [32]. It is thus possible that the 

densely packed MUA layer shows a fiercer competition with reporter molecules compared with 

flexible PEG regime, causing some signal loss due to “hotspot” area being occupied by the 

hydrophobic layer. The combination of the two effects explains the strong SERS enhancement by 

the hydrophobic layer in spherical AuNPs (where the electromagnetic environment change is the 

dominant effect), but weak or no SERS enhancement in rod- and star-shaped AuNPs (where the 

competition with reporter molecules at “hotspots” becomes the dominant effect). 

In addition to electromagnetic enhancement mechanism, the SERS enhancement brought 

by the hydrophobic domain was observed to differ with various Raman reporter molecules, so it 

was hypothesized that there co-exists a resonance enhancement effect, where the electronic 

resonance of the chromophore reporter was sharpened by the hydrophobic-hydrophobic interaction 

between the molecules and the non-polar aliphatic layer, thus only Raman scattering of resonant 

reporter dyes that go through electronic transition under the laser excitation were greatly enhanced. 

The exact mechanism of the hydrophobic enhancement, though is still not fully understood, is 

believed to be a combination of the electromagnetic surface enhancement and the chemical 

resonant enhancement, both resulted from the surface dielectric medium change from water to the 

hydrophobic layer.  
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2.5 Conclusion 

To summarize, in this work I modified the traditional PEG coating of SERS nanotags with 

an inner hydrophobic domain. The introduced hydrophobic layer brings three effects. First, it 

provides a new strategy of SERS enhancement by changing the near-surface dielectric medium of 

the nanotags. The introduced hydrophobic inner domain creates an aliphatic shell around AuNPs 

with reporter molecules embedded, offering different optical properties at the surface compared 

with that of aqueous environment, bringing in an additional 5-10 times higher SERS enhancement 

than traditional PEG coating. This SERS enhancement was observed in nanotags with different 

AuNP shapes and different PEG ligand molecular weights, but varies with different Raman 

reporter molecules, thus the enhancement mechanism is hypothesized to be a combination of both 

an EM surface enhancement and a chemical enhancement. Additional advantage of hydrophobic 

domain PEG coating is found about its better protection of Raman reporters from leaking out via 

hydrophobic interaction with the reporters, enabling SERS nanotags better time stability. Second, 

the rigid inner hydrophobic layer improves the ability of PEG ligands to prevent NPs coupling in 

high-ionic-strength biological fluids, which avoids unwanted SERS intensity change caused by the 

formation of hotspots. Last, unfavorable interaction between the hydrophobic inner domain and 

charged biomolecules such as proteins reduces protein adsorption on AuNPs, leading to not only 

stable SERS signal but also distinct and real Raman peaks after dispersed in serum solutions. Such 

imaging probes with improved brightness and signal stability in biological fluids is believed to be 

ideal candidates for biological applications with enhance detection efficiency and imaging 

sensitivity. 
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2.6 Supplementary Figures and Table 

 

 
Supplementary Figure 2.1 MUA molecule characterization. A) Chemical structure of MUA 

molecule. White: H atom; Grey: C atom; Red: O atom; Yellow: S atom. The length of the molecule 

is estimated to be 1.5 nm. B) H1 nuclear magnetic resonance (NMR) of the synthesized MUA-PEG 

(5k Da). C) Mass spectrum of the synthesized MUA-PEG (5k Da). 
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Supplementary Figure 2.2 Quantification of conjugated PEG ligands when listed PEG ligands 

amount were mixed with AuNPs. Addition of 10k/NP and 15k/NP of PEG and MUA-PEG, 

respectively, occupies 30% of AuNP surface area, and 30k/NP and 50k/NP occupiess 70% of 

AuNP surface area.  

 

 

 

Supplementary Figure 2.3 Absorbance spectra of AuNPs, IR-780 attached AuNPs and IR-780 

attached AuNPs with different PEG coatings. Inserted: zoom-in spectra from 650 nm to 800 nm 

showing no NP aggregation. 
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Supplementary Table 2.1 Hydrodynamic size and polydispersity index (PdI)  

of SERS nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 PEG 

surface 

ratio 

SH-PEG MUA-PEG 

Size ave  

(d. nm) 
PdI 

Size ave  

(d. nm) 
PdI 

AuNP@IR-

780 

 

0% 58.04 ± 0.50 0.207 58.04 ± 0.50 0.207 

30% 74.39 ± 0.29 0.170 76.84 ± 0.61 0.169 

70% 74.76 ± 0.28 0.150 76.99 ± 0.37 0.159 
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Supplementary Figure 2.4 A) UV/Vis spectrum of 20-nm × 50-nm Au nanorods. Inserted: TEM 

picture of 50-nm Au nanorods. B) UV/Vis spectrum of Au nanostars. Inserted: TEM picture of Au 

nanostars. C) Hydrodynamic size distribution of Au nanorods. D) Hydrodynamic size distribution 

of Au nanostars. 

 

 

 

 

 

 

 



48 

 

 

 

 

 

 
 

Supplementary Figure 2.5 Raman spectra of dye attached AuNPs with different PEG ligand 

molecular weight: A) 5k Da PEG and MUA-EPG, B) 2k Da PEG and MUA-EPG, and with 

different AuNPs nanostructures: C) Au nanorods and D) Au nanostars. All spectra measured at 

785 nm, 200 mW. PEG ligands surface ratio was 70% for both PEG and MUA-PEG coatings. 
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Supplementary Figure 2.6 A) Normalized absorption spectra of IR-780, DTTC, malachite green 

(MG), 4-NBT, crystal violet (CV) and IR-1061 plotted together with 532-nm, 785-nm and 1064-

nm laser lines. All dye molecules were measured in DMF solution. B-H) Raman spectra of AuNPs 

attached with Raman reporter B) DTTC measured at 785 nm, C) MG measured at 785 nm, D) 4-

NBT measured at 785 nm, E) CV measured at 785 nm, F) CV measured at 532 nm, G) IR-1061 

measured at 785 nm and H) IR-1061 measured at 1064 nm, with different PEG coatings. PEG 

ligands surface ratio was 70% for both PEG and MUA-PEG coatings. 
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Supplementary Figure 2.7 Competitive adsorption between MUA-PEG ligands and reporter 

molecule IR-780 on AuNP surface. Relative Raman intensities (normalized by non-coating 

samples) of SERS NPs with different MUA-PEG surface ratios are shown.  

 

 

 

Supplementary Figure 2.8 Long-term SERS signal stability of MUA-PEG coated and PEG 

coated nanotags, respectively. A) DTTC-attached SERS nanotags and B) 4-NBT attached SERS 

nanotags are shown here. PEG ligands surface ratio was 70% for both PEG and MUA-PEG 

coatings. 
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CHAPTER 3: DUAL-TRACER NON-INVASIVE METASTATIC  

SENTINEL LYMPH NODE DETECTION  

 

3.1 Motivation – To Improve Tumor-Targeting Specificity in Metastatic Lymph Node 

Detection 

Identifying the presence or absence of cancer in tumor-draining lymph node (sentinel) is 

the key for cancer staging and diagnostics [71, 107]. While the clinical protocol of sentinel lymph 

node location and biopsy being time-consuming and causing pain to patients, optical techniques 

such as fluorescence and SERS have emerged as an alternative for non-invasive and real-time 

lymph node metastasis detection [108]. Tafreshi et al. has shown non-invasive detection of breast 

cancer lymph node metastases with high sensitivity in a mouse model using mAbs specific for 

binding carbonic anhydrase isozymes conjugated to a near-infrared (NIR) fluorescent dye [109]. 

After peritumoral injection, these agents were shown to transit through the mammary fat pad and 

to be specifically retained in target-expressing breast cancer metastases of the axillary lymph node 

(ALN), and cleared from non-cancerous nodes. 

Imaging agents bind to tumor cells through specific interaction between the conjugated 

ligands and the corresponding cell receptors. However, in real-life practice, non-specific binding 

of NPs to normal lymph node tissue often causes false negative results that reduces detection 

sensitivity and specificity. To eliminate the false-positive signal stemming from non-specific 

binding, a paired-agent strategy (also called ratiometric approach) was presented in many studies 

where a control (non-targeted) imaging agent and a targeted imaging agent were co-administrated. 

[107, 110, 111] The second “un-targeted” tracer can be used to account for binding-independent 

characteristics of the target tracer’s uptake (Scheme 3.1).  
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Recent work by the Pogue group has advanced the dual-tracer strategies to quantify cell-

surface cancer receptor concentrations in primary tumor using fluorescence tomography [110]. In 

a mouse model of breast cancer metastasis, they injected equal amount of the targeted agent, 

EGFR-specific antibody labeled with an NIR dye, and the untargeted tracer, isotype control 

antibody labeled with a different NIR dye, simultaneously intradermally into each front footpad 

[110]. It was observed that though average targeted tracer uptake was not significantly different 

from the average untargeted tracer uptake, targeted tracer retention was significantly higher than 

untargeted tracer retention in tumor-bearing lymph nodes, and a statistically significant correlation 

between the EGFR concentration measured and the number of cells detected in lymph nodes were 

observed with a slope of 0.4 pM cell-1 cm-2. Based on the same principle, Oseledchyk and co-

workers reported a robust ratiometric imaging approach using anti-folate recepter (FR)-SERRS-

NPs (αFR-NPs) and non-targeted SERRS-NPs (nt-NPs) multiplexing for microscopic tumor 

lesions detection in a murine model of human ovarian adenocarcinoma [50]. The unique SERRS-

NP spectrum of each Raman probe allows for very sensitive imaging by ratiometric signal analysis. 

Precise delineation of tumor metastases was demonstrated regardless of their localization and can 

sense tumors as small as 370 μm as verified by bioluminescence imaging and histological 

correlation. The great contrast between lesion and the surrounding brought by ratiometric imaging 

approach makes it promising for cancer detection at molecular level. 
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Scheme 3.1. Illustration of dual-tracer SERS strategy. In the single-tracer scenario, the targeted 

SERS NPs bind to both normal tissue and cancer tissue. Poor contrast between tumor and the 

surroundings is obtained. In the dual-tracer scenario, when both targeting agents and control agents 

are used, the ratio of targeting to control agents will be larger in tumor tissue than that in normal 

tissue, resulting in good contrast. 
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Motivated by the novel dual-tracer tumor detection strategy, in this chapter I employed a 

paired SERS NPs agents for sentinel lymph node detection, where both a targeting SERS NP and 

non-targeting (control) SERS NP are injected to create contrast between tumor cells and normal 

lymph node tissue to improve detection sensitivity. Compared to fluorescence imaging, SERS 

agents offers favorable properties including ultrahigh sensitivity, enormous multiplexing 

capability with narrow spectral bandwidth, and particularly high specificity with the ‘fingerprint’ 

spectrum of Raman molecules that can be well distinguished from the background signal of the 

living organisms, and thus are expected to show improvement of limit of detection in non-invasive 

metastatic sentinel lymph node detection.  

 

3.2 Theory – Dual-Tracer Compartmental Modeling 

The lymph node molecular concentration imaging (LN-MCI) approach is based on a dual-

tracer compartmental modeling that describes targeted and untargeted tracer uptake [112]. The 

whole system was modeled to be driven by the concentration of tracer in the upstream lymphatic 

vessels, Cl, which enters the lymph node at flow rate, Fl. The targeted tracer was modeled to only 

be able to exit the lymph node into the downstream lymphatics at the same flow rate, Fl, assuming 

flow equilibrium conditions. By assuming that the unbound (freely associated) concentration of 

tracer in the lymph node is always homogeneously distributed and that the concentration of 

targeted tracer in the lymph node is negligible compared to the concentration of targeted receptor, 

a system of first-order differential equations can be developed to govern the rate of change of tracer 

concentration in each compartment. For the targeted SERS NPs: 

𝑑𝐶𝑓(𝑡)

𝑑𝑡
= 𝐹𝑙𝐶𝑙(𝑡) − 𝐹𝑙𝐶𝑓(𝑡) − 𝑘3𝐶𝑓(𝑡) + 𝑘4𝐶𝑏(𝑡) 
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𝑑𝐶𝑏(𝑡)

𝑑𝑡
= 𝑘3𝐶𝑓(𝑡) − 𝑘4𝐶𝑏(𝑡) 

𝑆𝐸𝑅𝑆𝑇(𝑡) = 𝛼𝑇[𝐶𝑓(𝑡) + 𝐶𝑏(𝑡)]   (Eauqation 3.1) 

Within the lymph node, the targeted tracer was modeled to be freely associated (Cf) or bound (Cb) 

to targeted tumor cell receptors, and rate-constants k3 and k4 were used to describe the rate of 

tracer-receptor association and dissociation, respectively. 𝑆𝐸𝑅𝑆𝑇(𝑡)  represents the measured 

SERS signal from the uptake of the targeted SERS NPs in the lymph node as a function of time, t. 

The parameter 𝛼𝑇 represents the detection efficiency of the Raman system for the targeted SERS 

NPs. For the untargeted SERS NPs: 

𝑑𝐶𝑈(𝑡)

𝑑𝑡
= 𝐹𝑙𝐶𝑙(𝑡) − 𝐹𝑙𝐶𝑈(𝑡) 

𝑆𝐸𝑅𝑆𝑈(𝑡) = 𝛼𝑈𝐶𝑈(𝑡)                                      (Equation 3.2) 

, where 𝐶𝑈(𝑡)  is the concentration of untargeted SERS NPs in the lymph nodes. 𝑆𝐸𝑅𝑆𝑈(𝑡) 

represents the measured SERS signal from the uptake of the untargeted SERS NPs in the lymph 

node as a function of time, and the parameter 𝛼𝑈 represents the detection efficiency of the Raman 

system for the untargeted SERS NPs. If we further assume that the free concentrations of the 

targeted and untargeted SERS tracers share roughly the same time course (i.e., 𝐶𝑓(𝑡) = 𝐶𝑈(𝑡)), 

and that the binding is an adiabatic process (i.e., that 𝐶𝑏(𝑡)/𝐶𝑓(𝑡) remains a constant), then the 

following equation will be derived: 

𝛼𝑈
𝛼𝑇

𝑆𝐸𝑅𝑆𝑇(𝑡)−𝑆𝐸𝑅𝑆𝑈(𝑡)

𝑆𝐸𝑅𝑆𝑈(𝑡)
=

𝐶𝑏(𝑡)

𝐶𝑓(𝑡)
=

𝑘3

𝑘4
≡ 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝐵𝑃)            (Equation 3.3) 

This equation, which amounts to normalizing a targeted SERS NP uptake signal, subtracting from 

it an untargeted SERS NP uptake signal, and dividing that difference by the untargeted SERS NP 

uptake signal, can be shown to be proportional to the receptor concentration in the lymph node. 
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The defined binding potential, BP, which equals to 
𝑘3

𝑘4
, is the main parameter of interest in this 

model, because it is directly related to the tracer-receptor affinity. Equation 3.3 was used to 

estimate receptor concentration in the following animal experiments in this study. The ratio of 

detection efficiencies, 
𝛼𝑈

𝛼𝑇
, was estimated to roughly equal to 1, because the optical properties of 

the tissues are not significantly different for targeted and untargeted SERS NP signal measurement, 

considering only a single laser wavelength 785 nm was used. 

 

3.3 Experimental Section 

Chemicals and materials. Deionized water (DI water) was used throughout the work. The 

following chemicals were used as purchased without any further purification: 11-

mercaptoundecanoic acid (MUA, 95%), diethyl ether (≥ 99.7%), Dimethylformamide (DMF), 

sodium citrate, 5k poly(ethylene glycol) methyl ether (mPEG, Mn 5000 Da), 2-[2-[2-Chloro-3-

[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-

yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide (IR-780, dye content ≥ 95%), 2-[2-[2-Chloro-

3-[2-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-ethylidene]-1-cyclohexen-1-yl]-ethenyl]-

1,3,3-trimethyl-3H-indolium chloride (IR-775, dye content ~ 90%), gold(III) chloride trihydrate 

(HAuCl4·3H2O), L-ascorbic acid, silver nitrate (AgNO3), Pluronic® F-127, bovine serum albumin 

(BSA) and fetal bovine serum (FBS) from Sigma Aldrich; poly(ethylene glycol) methyl ether thiol 

(mPEG thiol, Mn 5000 Da) from Laysan Bio Inc.; thiol PEG succinimidyl glutaramide (SH-PEG-

NHS) from JenKem Technology USA; Rat IgG from Equitech- Bio, Inc.; Cetuximab was given 

as a gift from our collaborator from Illinois Institute of Technology. 

Hydrophobic domain PEG ligand synthesis. Synthesis of MUA-PEG ligand follows the method 

outlined in Schultz et al [84]. In brief, 11-mercaptoundecanoic acid (MUA) and mPEG (5k Da) 
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was mixed in 3:1 molar ratio in a round-bottom flask and kept under vacuum at 110 ℃ for 1 hour. 

Then the temperature was ramped up to 160 ℃ under N2 atmosphere with a reflux condenser and 

kept for 72 hours. The unreacted MUA was removed by multiple washings of cold diethyl ether. 

Synthesis of paired SERS NPs. Glassware and stir bars for gold nanoparticle synthesis were washed 

by aqua regia before use. Gold nanostars (AuNS) were synthesized using a seed-mediated method 

[87]. First, 15-nm small AuNPs were synthesized as the seed. A water solution of 2.2 mM sodium 

citrate (60 mL) was heated to boiling under vigorous stirring. Once boiling had commenced, 400 

μL of HAuCl4 solution (25 mM) was quickly injected. The reaction completed within 10 min 

where the solution turned from yellow to purple grey and then to burgundy. The resulted solution 

was centrifuged 3 times and stored as Au seed for the next step. For Au nanostars synthesis, to 4 

mL HAuCl4 solution (0.25 mM), 4 μL of 1N HCl and 280 μL of 15-nm citrate gold seeds were 

added followed by simultaneous addition of 40 μL AgNO3 solution (3 mM) and 40 μL of ascorbic 

acid solution (100 mM) under stirring. The reaction was performed at room temperature, and the 

process was completed in less than 2 min. Raman reporter molecules IR-780, and IR-775 stock 

solutions were prepared by dissolving 1 mg of the dye molecules into 1 mL of DMF. The stock 

solutions were diluted by DI water to form a dye concentration of 2.62 μM for fresh use. Before 

adding dye to the as-synthesized AuNS, a 1% Pluronic® F-127 solution was first added to the 

system to a final concentration of 0.1% to avoid aggregation during dye addition. Typically, 400 

μL above dye molecule solution was dropwise added to AuNS under moderate stir. After 10 min 

incubation with reporter molecules, 60 μL SH-PEG-NHS solution (51.8 μM) was dropwise added 

to the AuNS@dye solution, followed by the addition of 640 μL MUA-PEG solution (51.8 μM) 2 

minutes later. The solution was then incubated at room temperature for 1 hour, then the SERS 

nanoparticles were washed twice by centrifugation at 1100g to remove excess PEG and dye 
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molecules. The PEGylated SERS NPs were finally dispersed in 2 mL of PBS 1x, followed by 

addition of 150 μL antibody solution (2 mg/ml in PBS 1x). The antibody conjugation was allowed 

to react at 4 ℃ overnight.  On the next day, a 1% BSA solution was first added to the SERS NP 

system with the final concentration of 0.1% BSA, and the solution was allowed to incubate for 30 

min at 4 ℃. Then the SERS NPs were washed twice by centrifugation at 1000g to remove excess 

antibodies. The paired SERS NPs were finally re-dispersed in PBS 1x with 0.05% BSA (final NP 

concentration of 600 pM) and stored at 4℃. 

SERS nanotags characterization. Absorbance spectra of AuNP solutions were obtained from a 

GENESYS™ 10S UV-Vis Spectrophotometer. Dynamic light scattering (DLS) was fulfilled on a 

Malvern Nano ZS90 Zetasizer. Weight concentrations of AuNPs in solutions were measured by 

inductively coupled plasma-mass spectrometry (ICP-MS, NexION 350D, PerkinElmer). 

Transmission electron microscope (TEM) pictures were taken by a JEOL 2100 Cryo TEM. 

Whole Raman spectrum identification. All Raman spectra collected were first extracted tissue 

background Raman signal. Pure NP-A or NP-B solution in glass vial were measured as the 

reference spectra, respectively. The whole spectrum identification algorithm was developed using 

Minimum Mean Square Error (MMSE) fitting, by making the error between the simulated 

spectrum and the background subtracted spectrum to be the smallest, following the equation: 

𝑥𝐴𝑟𝑒𝑓 + 𝑦𝐵𝑟𝑒𝑓 + 𝑒𝑟𝑟𝑜𝑟 + 𝐵𝐺𝐷 = 𝑆𝑝𝑒𝑐𝑡𝑟𝑎 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑟𝑒𝑓

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑟𝑒𝑓
= 𝑚 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴 =  
𝑥

𝑥+𝑚𝑦
                          (Equation 3.4) 

IRDye800 NHS Ester – Cetuximab Conjugation. Cetuximab solutions (2 mg/mL in PBS) were 

graciously donated by the laboratory of Dr. Brian Pogue. Cetuximab solution was conjugated to 
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IRDye800-NHS ester as a fluorescent label. Dissolve 1:2 molar ratio of cetuximab and IRDye800 

NHS ester in deionized water at pH 9.0. Allow to stir at room temperature in the dark for 2 hours. 

For purification, the conjugated antibody solution was passed through a Zeba desalting spin 

column with a 7 kDa molecular weight cutoff (Thermo Fisher, Walthan MA). 

IRDye800-Cetuximab Fluorescent Binding Assay. To assess binding affinity, three cell lines with 

known EGFR expression were cultured and incubated with the conjugated cetuximab-IRDye800 

solution made prior for 1 hour in the dark. 

Cell lines. All cell lines were donated by the laboratory of Dr. Kimberly Samkoe. Cell lines were: 

FaDu (low EGFR expression, cultured in RPMI 1640 medium w/ 10% FBS) MDA-MB-231 (mid-

EGFR expression, cultured in DMEM w/ High Glucose (4500 g/L) and 10% FBS), and U251 (high 

EGFR expression, cultured in DMEM w/ High Glucose (4500 g/L) and 10% FBS).  

Cells were cultured in T25 flasks until confluence was reached and were then trypsinized and 

counted. Cells were seeded into a 96 well plate, with 5 × 104 cells seeded in each well. The seeded 

plates were allowed to sit in the incubator for 24 hours to allow cells to properly adhere, and were 

then treated with 0.5 mg cetuximab-IRDye800 per well for 1 hour in the dark at 37 degrees C. 

After 1 hour, each well was rinsed with 1 mL sterile PBS 3x, and the plate was then imaged on the 

PEARL near-infrared imager at 800 nm. ROIs were then drawn in the subsequent images and the 

mean pixel value and variance for each well was calculated. 

Animals. Nude, athymic mice were purchased from The Jackson Laboratory (Bar Harbor, ME) 

and housed in the vivarium maintained by the Illinois Institute of Technology. Of the nine mice 

used, three were eight months old, and the remaining six mice were six months old. All mice were 

fed a standard rodent diet in pellet form, supplied from Envigo Teklad Diets (Indanapolis, IN), and 

water bottles were filled with filtered water. 
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In-vitro cell culture & tumor implantation. MDA-MB-231 cells were cultured in a T175 flask in 

DMEM (high glucose, 4500 g/L) supplemented with 10% FBS. Upon confluence, cells were then 

trypsinized and counted. Each animal received 2 × 106 cells with the cells suspended in a 1:1 

volume of DMEM:Matrigel. Each injection was 25 L total volume. Per mouse, 2 × 106 cells were 

suspended in 12.5 L chilled medium and 12.5 L chilled Matrigel solution and loaded into a 300 

L chilled insulin syringe. All materials, including the cell-filled syringe(s), were placed on ice 

until immediately before injection into the right foot pad of the mouse. Animals were then 

monitored bi-weekly post-injection for signs of injection and/or decline.   

Anesthesia of Animals. Animals were placed in small induction chamber, measuring approximately 

5 cm × 15 cm. Tubing is attached at the inlet of the chamber and connected to an anesthesia 

apparatus, and mice were first brought under with 0.8 L/min O2 with 2.5% isoflurane gas. Once 

the mouse appeared properly anesthetized, a toe pinch was preformed to assess the animal’s 

reflexes and plane of anesthesia. When proper sedation is reached, isoflurane/O2 is redirected to 

the nose cone, and the animal was quickly weighed and transferred to the surgical table and its 

head delicately mounted into an anesthesia nose cone. The animal was allowed to acclimate to 

anesthesia through the nose cone, and after 2-5 minutes the reflexes are checked again via a toe 

pinch. Following proper sedation, the mouse was placed in the supine position for imaging. To 

remove any small hair at the location of the lymph node, a generic hair removing cream was 

applied and wiped away with water after 1 minute. Generous amounts of tape were then used to 

secure the animals limbs in place as well as reduce the possibility of movement artifacts during 

later imaging.  

SERS NP administration. To facilitate rapid identification of the lymph node under the skin, 10 

L of 1 mg/mL methylene blue solution was injected into the foot pad. After a short period of time 



61 

 

(30-60 seconds), a light is placed under the mouse and the shadow of the popliteal lymph node can 

be clearly seen. The Raman spectrometer probe is then positioned above the lymph node. Upon 

localization of the lymph node, 25 L of SERS nanoparticle solution was injected into the animal’s 

footpad, and imaging via Raman spectroscopy was done for 3 hours.  

Sacrifice of animal and lymph node resection. Upon completion of the imaging session (3 hr), the 

mouse is sacrificed and both the tumor-bearing and non-tumor bearing lymph nodes, as well as the 

tumor-bearing foot pad. These samples are promptly stored on liquid nitrogen for later RNA 

extraction and qPCR analysis (yet to be completed) to quantify the extent of human cancer 

metastasis to the popliteal lymph node, relative to the amount of primary tumor in the foot pad. To 

sacrifice, the mouse is first given an overdose of isoflurane (5%), followed by an intracardiac 

injection of 5 mL of 1 M KCl aqueous solution. Shortly after (~30 s - 1 min) a successful KCl 

injection the heart and respiration stopped, after which the tissues of interest were harvested and 

stored.  

In-vivo Raman spectroscopy. Raman spectra at 785 nm were obtained using an Agility 

transportable 785/1064 nm dual-band benchtop Raman spectrometer (East JHX, Inc.). 200 mW of 

laser power was used as the excitation source. The band intensities were calibrated by standard 

sample (benzonitrile) spectrum. All the Raman spectra were baseline corrected to remove 

fluorescence background. During spectra acquisition, breathing motion effects were minimized by 

lightly applying tape to the extended leg that was imaged.  

 

3.4 Results and Discussion 

SERS NPs for non-invasive in-vivo imaging must be bright enough to be detected after 

most of the signals have been absorbed and scattered by the covered tissues. Here, Au nanostars 
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(AuNS), a group of nanostructures that enlarge the electric field at its intrinsic sharp tips were 

employed to amplify SERS intensity of the NPs (Figure 3.1A). Compared with Au nanospheres of 

the same size, Au nanostars showed 1-2 orders of magnitude of enhancement of same amount of 

reporter molecules due to the “lighting rod” effect (Figure 3.1B). For the paired-agent method, one 

important consideration is that the pair SERS agents share same nanostructures (same metallic 

cores and biocompatible coatings) but are functioned with different reporter molecules and 

antibodies (one targeted, another non-targeted) to show similar delivery and retention kinetics but 

different targeting specificity to tumors. Here we prepare two types of AuNSs that have similar 

shape, size and surface chemistry to ensure similar physiologic kinetics (Figure 3.1C), without 

which the quantitative comparison of targeting and control signals in the lymph node becomes 

unreliable. The surface coating of the AuNSs consists ~80% of MUA-PEG, and ~20% of 

traditional thiolated PEG with NHS group at the outside for antibody conjugation. The antibody 

conjugated to the targeted SERS NP was Cetuximab, known as its brand name Erbitux, working 

by inhibiting the growth and survival of epidermal growth factor receptor (EGFR)-expressing 

tumor cells with high specificity and a 2-log higher affinity than epidermal growth factor (EGF) 

and transforming growth factor-alpha (TGF-α). The reactivity of Cetuximab was first validated by 

an in-vitro cell assay, where 3 different cell lines with low, medium/high and high expression of 

EGFR were incubated with Cetuximab conjugated IR dyes. After 2-h incubation, excess IR-dye 

Cetuximab conjugates were washed out, and the cells were transferred to well plate for a field 

fluorescence imaging.  It was shown that the fluorescence signal increases with higher expression 

of the cell line, indicating the reactivity of the Cetuximab and its high binding affinity with EGFR 

on the cells (Figure S3.1). The paired SERS NPs exhibited similar SERS brightness, hydrodynamic 
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size and zeta potential (Figure 3.1D&E), laying the foundation for the next-step binding kinetics 

study and in-vivo quantitative detection. 

 

 
 

Figure 3.1 A) Cryo-TEM image of as-synthesized SERS agents for in-vivo lymph node detection. 

B) SERS enhancement comparison of AuNSs and Au nanospheres of the same size. C) Schematic 

illustration of the paired AuNSs SERS agents with the same gold core and surface coating but 

different reporter molecules and conjugated antibodies. D) SERS spectra of the as-synthesized 

paired SERS agents, with red and blue highlighted peaks from NP-A (IR-775 encoded) and NP-B 

(IR-780) encoded, respectively. E) Table of hydrodynamic sizes and zeta potential values of the 

as-synthesized paired SERS NPs. 
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Good linearity between NP concentration and Raman signal is essential for quantitative 

detection. We thus tested the SERS intensity change of the paired agents with NP concentration in 

aqueous solution, and calculated the limit of detection (LOD) of each NP as the lowest NP 

concentration where the SERS signal-to-noise ratio (SNR) is larger than 3. As shown in Figure 

S3.2, both NP-A and NP-B exhibits a broad SERS signal linear range from femto- to pico-molar 

level. The LODs of NP-A and NP-B were calculated to be 20 fM and 4 fM, respectively (Figure 

S3.3). At the other end of the range when NP concentration exceeds ~4 pM, SERS signal drops 

instead of increasing due to the interplay between NP extinction and SERS enhancement (Figure 

S3.4) [113-115]. The real-life local NP concentration in the tissues, however, is typically below 

this threshold and thus the SERS signal can be considered as linear. 

On the other hand, as paired agents, the SERS signal from each of the NPs must be 

independent and does not affect each other when mixed together. Since both of the SERS NPs are 

attached with 785 nm resonant chromophores, IR-775 and IR-780, a spectrum of the mixed NPs 

can be obtained with single-laser excitation. We separated the spectra of mixed solution by an 

identification algorithm that restored the ratio of the mixed NP-A and NP-B, and compared the 

calculated ratio with the real one to confirm the signal independency. The identification algorithm 

separated the mixed spectra by minimum mean square error fitting. After background subtraction, 

the algorithm calculated the percentage of NP-A and NP-B (x and y) respectively to make the 

difference between the spectra and x part of NP-A plus y part of NP-B (the error) minimal. As 

shown in Figure 3.2B, the algorithm was able to distinguish signal from NP-A and NP-B from the 

mixed spectra even when the working concentration of the mixed NPs were as low as 20 fM.  

The SERS signal of the synthesized paired SERS agents were found to be very stable if 

stored at 4 ℃. As shown in the Figure S3.5, the SERS signal of both SERS NPs remains ~90% 
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after 2-week storage. The SERS signal drift of the paired NPs in biological environment were also 

investigated by incubating the paired SERS NPs in 5% cell culture media. Both targeted and 

untargeted NPs show similar SERS signal drift in cell media, resulting in a 1:1 SERS signal ratio 

if incubated with NP mixture (Figure S3.6).  These preliminary results showed the potential of the 

paired SERS NPs for sensitive in-vivo tumor cell quantification. 
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Figure 3.2 A) Scheme showing the whole-spectrum separation algorithm for mixed spectra 

identification. B) Calculated percentage of NP-A by the identification algorithm compared with 

real percentage of NP-A. 
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As the first step of in-vivo study, we injected two SERS NPs separately to the mice through 

subcutaneous administration at the footpads, and monitored their draining and retention kinetics 

to the popliteal lymph node independently. Before administration of SERS NPs, 10 μL of 1% 

methylene blue solution was first injected to locate the popliteal lymph node. Then, 25 μL of the 

SERS NPs solution (OD = 6) was injected via footpad, and the SERS signal was detected at the 

marked lymph node site non-invasively. As shown in Figure 3.3A, both the laser probe and the 

animal were fixed throughout the detection to minimize deviations arising from under focus. 

Figure 3.3B demonstrates that both NP-A and NP-B showed similar kinetic curve within two-hour 

range after injection, which is essential for them functioning as paired agent for tumor detection. 

The mixture of NP-A and NP-B was then administrated to both control mice model and 

tumor metastatic mice model (3 week after tumor cell implantation), and the SERS spectra from 

the uptake of both the NPs at the popliteal lymph nodes were recorded 3 hours post-injection. The 

collected Raman spectra were then analyzed by the identification algorithm to identify the ratio of 

NP-A and NP-B in the lymph node. It was shown that the ratio of SERS signal from targeted NPs 

versus untargeted NPs keeps 1:1 in the control lymph node model, while in metastatic lymph node 

the ratio keeps increasing (Figure 3.4). The collected Raman spectra at the sentinel lymph node 3 

h post-injection was selected to demonstrate the spectra identification by the whole spectrum 

identification algorithm, as shown in Figure 3.5A&B. The calculated ratio of targeted SERS NP 

versus untargeted SERS NP was shown in Figure 3.5C, where significant difference was found 

between metastatic LN and control LN.  
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Figure 3.3 A) Experiment setup for non-invasive lymph node SERS detection on mice model. B) 

Normalized SERS intensity measured at popliteal lymph nodes of mice of NP-A and NP-B, 

respectively. Laser: 785 nm, 100 mW, 10-second integration time. 

 

 

Figure 3.4 Calculated SERS signal ratio of targeted NPs / untargeted NPs 3-hour post-injection. 
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Figure 3.5 Whole spectrum identification of A) Raman spectrum collected at control SLN 1h post-

injection; and B) Raman spectrum collected at metastatic SLN 3h post-injection. C) Calculated 

SERS signal ratio of NP-A (targeted) versus NP-B (untargeted) in metastatic SLN and control 

SLN, respectively.  
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3.5 Conclusion 

In this chapter, a paired SERS nanotags were applied to realize non-invasive in-vivo 

metastatic lymph node detection. The paired SERS nanotags were designed to have similar surface 

properties and size distribution, but were encoded with different Raman reporter molecules, and 

were conjugated with different antibodies to eliminate the false positive signal caused by non-

specific binding. A star-shaped gold nanostructure was employed to enable 1-2 orders of 

magnitude brighter SERS nanotags. The hydrophobic locked PEG ligands, MUA-PEG, were 

coated on 80% the AuNS surface, resulting in stable Raman signal over long-term storage and in 

biological buffer solutions. 20% of the AuNS were coated with SH-PEG-NHS, with which 

antibodies were conjugated through the reaction with the amine groups. The tumor specific 

antibody used here is Cetuximab, which has a strong affinity to bind with EGFR on breast cancer 

cells. A whole spectrum identification algorithm was developed to identify the ratio of targeted 

versus untargeted SERS NPs from the spectra of the mixture, and it shows great sensitivity even 

when the NP concentration is at femto-molar level. The binding kinetics of the paired SERS NPs 

were investigated in-vivo by injecting targeted and untargeted NPs separately, and they show 

similar draining kinetics in the sentinel lymph node. The paired SERS agents were then co-

administrated to both control and metastatic mice model, and statistically significant difference 

was found between the ratio of NP-A and NP-B in metastatic and control sentinel lymph nodes. 

These results demonstrated that dual-tracer SERS detection can realize tumor cell detection in 

metastatic sentinel lymph node only 3-week post tumor cells implantation. Further study on more 

quantitative tumor cell detection in metastatic lymph node by paired SERS agents is ongoing. 
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3.6 Supplementary Figures and Table 

 

 

 

 

Supplementary Figure 3.1 Cetuximab reactivity cell assay. 3 cell lines with different EGFR 

expression were cultured: FaDu (low EGFR expression), MDA-MB-231-LUC (medium/high 

EGFR expression), U251 (high EGFR expression).  
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Supplementary Figure 3.2 SERS intensity linearity of A) NP-A and B) NP-B. 

 

 

 

 

 

Supplementary Figure 3.3 Limit of detection (LOD) of NP-A (left) and NP-B (right) calculated 

by signal-to-noise ratio (SNR) of the Raman spectra. LOD is defined at the lowest detected 

concentration where SNR ≥ 3. 

 



73 

 

 

Supplementary Figure 3.4 SERS Intensity of IR-780 coded AuNS drops when NP concentration 

exceeds 4 pM due to strong NP extinction. AuNS sample concentration in the inserted photo from 

left to right: 4 fM, 40 fM, 400 fM, 4 pM, 20 pM, 40 pM, 400 pM. 

 

 

Supplementary Figure 3.5 SERS signal change of the paired SERS agents stored at 4 ℃. 
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Supplementary Figure 3.6 A) SERS signal drift in cell culture media. B) Calculated ratio of NP-

A and NP-B of the mixture incubated in cell culture media. 

 

 

 

 

 

Supplementary Table 3.1 Weight log for the animals. 

  Weight (g) 

Age 

(Mo.) 

Mouse 

ID 
6/4/22 6/10/22 6/17/22 6/18/22 6/24/22 6/27/22 7/1/22 7/5/22 

6 LW-1 26.5 26.1 26.4 28.0 n/a n/a n/a n/a 

6 LW-5 29.1 29.2 28.8 29.8 n/a n/a n/a n/a 

6 LW-6 29.2 29.0 29.2 30.3 n/a n/a n/a n/a 

8 LK-1 25.7 25.2 25.5 26.1 25.3 26.3 n/a n/a 

8 LK-2 25.6 25.6 25.2 24.5 25.1 23.7 n/a n/a 

8 LK-3 24.1 24.9 24.5 23.2 24.2 25.6 n/a n/a 

6 LW-8 25.5 25.8 26.3 26.1 26.5 27.2 26.5 26.9 

6 LW-9 28.5 28.3 28.0 27.8 27.9 28.8 28.5 25.1 

6 LW-10 29.8 29.6 28.8 28.6 29.1 30.2 28.9 27.6 
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CHAPTER 4: BIOMIMETIC SERS NANOTAGS COATED WITH  

RED-BLOOD-CELL MEMBRANES (RBCM)  

 

4.1 Introduction – Natural Cell Membrane as a Novel Biomimetic Coating for SERS NPs 

Gold nanoparticles (AuNPs) functionalized with Raman-active dye molecules have been 

extensively used as SERS nanotags owing to their intriguing attributes of size and shape tunability, 

high photostability, low cytotoxicity, high biocompatibility, and narrow spectral bandwidth [64].  

Recent advances have developed SERS nanoparticles or nanotags for a multitude of biomedical 

applications including in-vivo imaging [116], in-vitro diagnostics [117], and image-guided cancer 

surgery [118]. A major component in these SERS nanotags is an external coating layer that serves 

several important purposes. First, this coating layer prevents loss or leaching of the Raman reporter 

molecules into the surrounding media, hence avoiding toxicity issues and cross-contamination 

with vibrational signatures of other nanotags. Second, this layer minimizes the influence of other 

molecules present in the medium and prevents undesired intensity variations. Third, it also 

minimizes plasmonic coupling interactions between nanoparticles which could lead to the 

uncontrolled generation of plasmonic hot spots. Fourth, this coating increases the colloidal stability 

of nanoparticles and provides an outer layer for further chemical modification.  

The external coatings are often comprised of silica [119-123], polymers [124-128] or 

liposomes [129-131]. A silica coating has the advantage of biodegradability but for long-term 

studies, it has been known to cause degradation and agglomeration problems.  Polymers such as 

polyethylene glycol (PEG) have been extensively used for coating, but the ability of PEG coatings 

to prevent aggregation is limited in high ionic strength buffer solutions. Amphiphilic polymers 
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have been recently utilized as a coating material for SERS nanotags based on hydrophobic 

interactions between the polymer and Raman reporter dye [63, 132], but these constructs have 

limited dispersion stability (irreversible aggregation upon freeze-drying) limiting their clinical 

translatability [133-138]. Recently, liposome composed of zwitterionic phosphatidyl-choline lipid-

coated SERS nanotags have been developed by several research groups [129, 139]. These lipids 

mimic the natural cell membranes and possess advantageous functions of improved dispersibility, 

biocompatibility, and the potential of tumor cell targeting via antibody conjugation or lipid-

functionalized antibody fragments. However, such artificial membranes are unable to recapitulate 

the structure or protein composition of natural cell membranes including their intrinsic properties 

of homologous tumor targeting, enhanced blood circulation, etc. [132, 140]. Hence, coating NPs 

with naturally derived cell membranes is an interesting biomimetic engineering top-down 

approach [141, 142] imparting NPs with properties of specific cell types. This approach overcomes 

the limitations of biomaterials designed specifically to mimic cell membranes via the bottom-up 

strategies. Biomimetic cell membrane-coated nanomaterials have been developed for drug delivery 

to treat cancer, microbial infections, etc. [63, 143-145] However, to the best of our knowledge, 

biomimetic membranes have not been used to coat SERS nanotags and it is not known how such 

cell membrane coatings might influence the SERS signal brightness, dispersion stability properties, 

and how they could be modified to impart tumor targeting functions.  

In this chapter we demonstrate that biomimetic red-blood-cell membranes can provide 

enhanced dispersion stability to AuNPs with varied shapes (sphere, rod and cube). Specifically, 

we show that the RBCM coating strategy imparts AuNPs stability against lyophilization, freezing, 

heating, and under different physiological conditions.  In addition, a noncovalent lipid-insertion 

strategy [146] could be adopted to functionalize these AuNP-RBCM with tumor targeting ligands. 
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AuNP-RBCM do not lose their activity or stability upon further freeze-thaw cycles, establishing 

functionalization on RBCM with other proteins or molecules of interest. As such, the RBCM 

coating strategy on AuNPs imparts these constructs with enhanced dispersion stability with fast 

and efficient functionalization, enabling their long-term storage for biomedical and clinical 

applications which cannot be achieved by the current unstable surfactant stabilized or PEGylated 

AuNPs.  In addition, the SERS signal intensities of RBCM-coated particles are considerably higher 

(by about 5) in comparison with that PEGylated AuNPs. This additional enhancement is most 

likely to arise from a hydrophobic environment effect (RBCM consists of a large number of lipid 

hydrocarbon chains) which reduces electronic dampening and boosts electromagnetic field 

enhancement. The improved SERS signals are well-protected by RBCM during freeze-thaw cycles 

and on long-term storage for 2 weeks. In a proof-of-concept study, we utilized a lipid-insertion 

strategy to conjugate tumor-targeting cyclic cRGD peptides onto these biomimetic SERS 

nanoparticles so that they exhibited improved intracellular uptake in αvβ3 integrin receptors 

expressing cells (MDA-MB231) with minimal cytotoxicity. These RBCM encapsulated SERS tags 

could be used for future in-vitro and in-vivo SERS detections with better sensitivity, signal stability, 

and long-term storage. 

 

4.2 Experimental Section 

Materials. Deionized water (DI water) was used throughout the work. The following chemicals 

were used as purchased without any further purification: IR-780 iodide (dye content ≥95%), N,N-

dimethylformamide (DMF), sodium citrate tribasic dihydrate, gold(III) chloride trihydrate 

(HAuCl4), sodium borohydride (NaBH4), poly(sodium 4-styrenesulfonate) (Na-PSS) solution 

(average Mw ~70,000, 30 wt. %), silver nitrate (AgNO3), L-ascorbic acid, sodium bromide (NaBr), 
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hexadecyltrimethylammonium bromide (CTAB) and poly(ethylene glycol) methyl ether thiol 

(mPEG-thiol, Mn 2000 Da) from Sigma Aldrich, hexadecyltrimethylammonium chloride (CTAC) 

from Tokyo Chemical Industry Co., LTD., poly(ethylene glycol) methyl ether thiol (mPEG-thiol, 

Mn 5000 Da) from Laysan Bio Inc. 

Synthesis of citrated-stabilized size and shape varied AuNPs.  Glassware and stir bars for gold 

nanoparticle synthesis were washed by aqua regia before use. Gold nanospheres were synthesized 

via a kinetically controlled seeded growth method [147]. First, a water solution of 2.2 mM sodium 

citrate (60 mL) was heated to boiling under vigorous stirring. Once boiling had commenced, 400 

μL of HAuCl4 solution (25 mM) was quickly injected. The reaction completed within 10 min 

where the solution turned from yellow to purple grey and then to burgundy. 30 mL of the resulted 

gold particle solution was stocked as 15-nm Au nanospheres (AuNP15), and the other 30 mL of 

the particle solution was used as the Au seeds for the next step. Immediately after the Au seeds 

synthesis, in the same reaction vessel, the solution was cooled to 90 ℃, then 200 μL of HAuCl4 

solution (25 mM) was injected. After 30 min, the reaction was finished. This process was repeated 

once. After that, the particle solution was diluted two times by 2.2 mM sodium citrate solution. 30 

mL of the diluted particle solution was then used as the seed solution, and the process was repeated 

until Au nanospheres with a hydrodynamic size of 50 ± 5, 80 ± 5 nm in diameter were obtained 

sequentially, and the corresponding Au nanospheres solutions were stocked as AuNP45 and 

AuNP80, respectively. A condenser was utilized throughout the synthesis process to keep 

consistent volume of the solution. The weight concentration of the obtained citrate stabilized Au 

nanospheres were determined by inductively coupled plasma mass spectrometry (ICP-MS). The 

size varied Au nanospheres solutions was finally diluted to 32 mg/L in 5 mM sodium citrate for 

long-term storage.  
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Gold nanorods (AuNP2) and gold nanocubes (AuNP3) were synthesized by seed-mediated growth 

methods [85, 148]. A seed solution was first synthesized by quickly adding 600 μL of ice-cold 10 

mM NaBH4 solution to a mixed solution of CTAB (5 mL, 0.2 M) and HAuCl4 (5 mL, 0.5 mM) 

under vigorous stirring. The seed solution was continued stirring for 2 min and then kept at room 

temperature for over 1 h before the next step. For the growth of nanorods, a CTAB solution (20 

mL, 0.2 M) was first mixed with a HAuCl4 solution (20 mL, 1 mM) and an AgNO3 solution (1.2 

mL, 4 mM) at a 30 ℃ water bath. To the above solution, 380 μL of 0.0788 M ascorbic acid solution 

was added, followed by gentle shaking. The growth solution was observed to change from yellow 

to colorless. After that, 48 μL seed solution from the first step was added followed by gentle 

shaking, and the growth solution was kept at 30 ℃ unstirred. After 1 h, the growth was stopped 

by centrifuging the resulted AuNP2 solution at 4000 g. The washed AuNP2 solution was re-

dispersed to 2 mM CTAB solution.  

For the synthesis of AuNP3, 10-nm gold nanospheres were first synthesized with the 

previously prepared CTAB-capped Au seeds. 2 mL of 0.2 M CTAC solution, 1.5 mL of 0.1 M 

ascorbic acid solution, and 50 μL of the Au seeds solution were mixed in a 10-ml vial. Under 

stirring of constant speed, 2 mL of 0.5 mM HAuCl4 solution was injected. The solution was 

incubated at room temperature for 15 min under stirring at 300 rpm. The resulted 10-nm Au 

nanosphere solution was then washed twice at 20,000 g and re-dispersed to 1 mL in 20 mM CTAC 

solution for further use. For the growth of AuNP3, 72 mL of 0.1 M CTAC, 360 μL of 20 mM NaBr 

and 84 μL of previously prepared 10-nm Au nanospheres were mixed, then 4.68 mL of a 10 mM 

ascorbic acid solution was added and mixed thoroughly. Finally, 72 mL of 0.5 mM HAuCl4 

solution was quickly injected into the solution under stirring at 500 rpm. The solution was 
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incubated at room temperature for 30 min. The resulted AuNP3 solution was washed by 

centrifugation at 4000 g and re-dispersed to 2 mM CTAC solution.  

The surfactant exchange process of AuNP2 and AuNP3 follows a literature protocol [86]. 

Typically, 10 mL of AuNP2 or AuNP3 dispersed in 2 mM CTAB or CTAC solution was first 

centrifuged at 4000 g. 9.5 mL of the supernatant were removed, and the AuNP2 or AuNP3 were 

re-dispersed to 10 mL by DI water. The resulted AuNP2 or AuNP3 solution (current CTAB or 

CTAC concentration is 0.1 mM) was then added to 100 mL of Na-PSS solution (0.15 wt%) and 

kept at room temperature for over 1 h. After the incubation, the NP solution was centrifuged at 

4000 g and re-dispersed to 0.15 wt. % Na-PSS solution for two cycles, and then centrifuged again 

at 4000 g and re-dispersed to 5 mM sodium citrate solution. The AuNPs were incubated in sodium 

citrate solution overnight. Finally, the AuNP2 or AuNP3 were washed again at 4000 g by 5 mM 

sodium citrate. The concentrations of the citrate-stabilized AuNP2 and AuNP3 were determined 

by ICP-MS. The AuNP2 and AuNP3 solution were finally diluted to 32 mg/L in 5 mM sodium 

citrate for long-term storage. 

Synthesis of shape varied AuNP-PEGs. Typically, 3 mL of AuNPs solution (32 mg/L) was mixed 

with 500 μL of mPEG-thiol solution (51.8 μM) for 1 h at room temperature. The AuNPs were then 

washed by DI water twice via centrifugation at 4000 g to remove excess PEG ligands and re-

dispersed to 3 mL of DI water. 

RBCM collection and coating on AuNPs. RBCs derived from BALB/C mouse blood were 

purchased directly from BioIVT. Subsequently, it was subjected to hemolysis where the RBCs was 

suspended in lysis buffer, i.e., 0.25X PBS at 4ºC for 1h. The resulting solution was centrifuged 4 

times at 20000g to eliminate hemoglobin until a pink pellet (RBCM concentrate) was obtained, 

and the supernatant solutions was colorless. The pink pellet was resuspended in distilled water 
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(~50mL) and vigorously mixed and sonicated for 10 minutes in ice-water mixture. The RBCM 

solution was eventually added to AuNP solution with the RBCM vesicle/AuNP volume ratio of 

3/9 and bath sonicated for 10 minutes to form AuNP-RBCMs. The resulting solution was 

centrifuged at 700g for 15 minutes to eliminate residual RBCM vesicles.  

Characterization of RBCM-coated nanoparticles. Dynamic light scattering (DLS) measurements 

were conducted to measure the hydrodynamic size distribution (intensity average) of the 

nanoparticles on Malvern Zetasizer ZS90 instrument (Malvern Instruments Ltd, United Kingdom) 

at a fixed angle of 90°. Zeta potential (ζ) values were determined using a Malvern Zetasizer 

(Malvern Instruments Ltd, United Kingdom) of Nano series. Ultraviolet-visible (UV-Vis) 

absorbance of was recorded on GENESYSTM 10S UV-Vis Spectrophotometer (Thermo Scientific, 

MA, USA). Absorbance spectra were collected at an interval of 1 nm scanning from 300nm-1000 

nm. To evaluate the presence of CD47 on the surface of the particle, allophycocyanin-labeled anti-

mouse CD47 antibody was used (BioLegend, San Diego, CA) according to a previously 

established protocol [149].  

Transmission Electron Microscopy (TEM) Imaging. A drop of RBC-coated or bare (non-RBC-

coated) nanoparticle solution was deposited onto a glow-discharged, carbon-coated TEM grid and 

incubated for 5 minutes. Excess liquid was removed, and samples dried overnight in a desiccation 

chamber. For negative staining, samples were stained with 1% uranyl acetate for 30 seconds 

immediately before imaging. All samples were imaged using a JEOL JEM-2100 transmission 

electron microscope at 200kV. 

Dispersion stability against freeze-thaw cycle. AuNPs having different shapes and sizes with 

citrates only, RBCM coating, and PEG coating, respectively were taken in glass vials (2 mL, 

0.032mg/mL). The resulting solutions were frozen at -80°C for 30 minutes and then thawed at 
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room temperature for 10 minutes. The thawed solutions were briefly sonicated and analyzed using 

UV-Vis spectrophotometry, and DLS.  

Dispersion stability against lyophilization. AuNPs having different shapes and sizes with citrates 

only, RBCM coating, and PEG coating, respectively were taken in glass vials (2 mL, 0.032 

mg/mL). The resulting solutions were frozen by placing them in liquid nitrogen for a few minutes 

and then connected immediately to a freeze-drier (-47℃) with an applied vacuum (53 ×10-4 mbar) 

for ~24h. The freeze-dried products were reconstituted with deionized water (1 mL).  

Stability of AuNPs in human serum. AuNPs were added to undiluted human serum in a ratio of 1:1 

(final solution containing 50% serum). The samples were incubated for 24 hours at 37C. Samples 

were then centrifuged at 10,000 rpm and the dispersion solution was removed. The AuNPs were 

resuspended in distilled water and centrifuged down at 10,000 rpm, this process was repeated twice. 

Finally, DLS profiles of AuNPs in water were recorded using a Malvern Zetasizer Nano ZS. 

AuNP-Dye physisorption for SERS studies. Raman reporter dyes were physically attached to 

AuNPs before the PEG or RBCM coating process. Raman reporter molecules IR-780 stock 

solution was prepared by dissolving 1 mg of IR-780 into 1 mL of DMF. The stock solutions were 

diluted by DI water to form a dye concentration of 2.62 μM for further use. Typically, 10 μL above 

IR-780 solution was dropwise added to 1 mL of gold AuNP1 (32 mg/L) under vigorous stirring. 

The resulted dye concentration for 45-nm gold AuNP1 were calculated to be 450 dye molecules 

per AuNP. 

SERS data collection and processing. Raman spectra were obtained using a BaySpec Agility 

transportable 785/1064 nm dual-band benchtop Raman spectrometer (East JHX, Inc.). 785 nm 

laser (200 mW) was used as the excitation source. Each Raman measurement includes 3 scans, 

and the averaged Raman spectrum was plotted. Averaged Raman intensity of 1205 cm-1 peak from 
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the 3 scans was chosen to show Raman signal change for the SERS AuNPs, and the error bars 

represent the standard deviations of the scans performed for 3 separate experiments. All the Raman 

spectra were baseline corrected to remove fluorescence background, and the band intensities were 

calibrated by standard sample (benzonitrile) spectrum. 

Lipid-insertion of tumor-targeting peptides. Stock solutions of DSPE-PEG-Cy5 with 

concentrations (1000 µg/mL, 500 µg/mL, 200 µg/mL, 100 µg/mL, 50 µg/mL, 10 µg/mL, and 1 

µg/mL) were made in DI water.  RBCM prepared earlier were thawed, bath-sonicated in ice water. 

Subsequently, 1mL of RBCM was added to 1 mL of each DSPE-PEG-Cy5 of different 

concentrations and vortexed vigorously for 1 min. The solutions were incubated for 30 minutes in 

the refrigerator followed by centrifugation at 600g for 15 minutes at 4℃. The supernatant was 

removed, and 2 mL of DI water was added to each tube. The UV-Vis absorption was collected in 

addition to acquiring their fluorescence excitation and emission spectra at 633 nm and 650-700 

nm, respectively. 

MTT Assay of different AuNPs. The cytotoxic effects of various AuNPs in two different endothelial 

cell lines (MDA-MB231, PANC-1) was investigated using MTT assay established previously.  

In vitro SERS study. To verify the effective binding of AuNP-RBCM@cRGD to endothelial cells, 

a comparative targeting study was performed in vitro with MDA-MB231 and PANC-1 cells. Both 

cell lines were grown in Eagle’s Minimum Essential Medium (MEM), supplemented with 1.5 g/L 

sodium bicarbonate, non-essential amino acids, L-glutamine and sodium pyruvate and cultured 

until they reached ~80-90% confluency. Subsequently, they were plated in a 6-well plate and 

allowed to grow for 24h at 37C at the cell density of 10^6 cells/well. Dye-tagged AuNPs (AuNP-

PEG, AuNP-RBCM, and AuNP-RBCM@cRGD) were added to the media and allowed to incubate 

overnight. Following this, AuNP-containing media was removed by aspiration, and cells were 
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rinsed two times with PBS. Subsequently, the same cell samples were fixed with Karnovsky’s 

fixative (paraformaldehyde-glutaraldehyde solution) and imaged using darkfield microscopy to 

visualize the AuNPs associated with the cells. Darkfield microscopy was performed using a Zeiss 

Axiovert inverted microscope. All images were acquired using a 50×objective lens.  

 

4.3 Results 

4.3.1 Functionalization of AuNPs with Biomimetic RBCM  

In this work, an interesting biomimetic top-down method was employed to coat SERS NPs 

with natural derived red blood cell membranes (RBCM). As illustrated in Figure 4.1A, the process 

of functionalizing AuNPs with mouse-derived RBC membranes was conducted by generating 

membrane vesicles from RBCs and subsequently fusing the RBC membranes onto the surface of 

AuNPs via bath sonication. First, RBC ghosts were derived from mouse RBCs via hypotonic 

treatment followed by centrifugation steps. Uniform RBC membrane vesicles (hydrodynamic size 

~190 nm, Figure S4.1) formed after bath sonication and probe sonication. The obtained RBCM 

were then mixed with Raman reporter dye encoded AuNPs under bath sonication to function the 

AuNPs with RBCM layer. Under negative-staining TEM, the RBCM layer was clearly seen around 

the AuNPs compared with bare NPs (Figure 4.1B). AuNP-RBCM also showed a red-shifted LSPR 

in the UV-vis spectrum, and a characteristic peak of RBCM around 420 nm (Figure 4.1D). Besides, 

the hydrodynamic size of the NP increased from ~ 44 nm to 64 nm after RBCM coating, and zeta 

potential dropped from -37 to -28 mV (Figure 4.1C). These changes correspond well with the 

thickness of the lipid bilayer and the intrinsic surface charge of the RBCM vesicles (Figure S4.1). 

In addition to Au sphere, we also observed successful coating of RBCM on AuNPs with various 

shapes: Au nanorods (AuNP2) and Au nanocubes (AuNP3), as shown in Figure S4.2. 
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Figure 4.1 A) Schematic diagram showing preparation of RBC membrane (RBCM) vesicles and 

successful coating on AuNPs, leading to RBCM-coated AuNPs. B) Negative-stained transmission 

electron micrographs (TEM) of (a) AuNP-Cit, (b) AuNP-RBCM, (c) RBCM vesicles. (C) 

Hydrodynamic diameter and zeta potential measurements for AuNPs before and after RBCM 

coating. (D) UV-vis absorbance spectra of AuNP’s, AuNP-RBCM’s and RBCM’s, with the inset 

boxes zoomed. The inset shows the intrinsic plasmonic absorbance peak shift for AuNPs upon 

RBCM coating.  
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To understand if the RBCM coating on AuNPs still remains its full functionality as natural 

RBC, we further performed an indirect study to confirm the presence of CD47 proteins on the 

surface of the particles. CD47 protein is a “marker of self” receptor on the surface of RBCs which 

bind to the signal regulatory protein alpha receptors on macrophages and inhibit phagocytosis of 

RBCs. Consequently, the presence of CD47 on RBCM coated AuNPs would indicate successful 

functionalization without the loss in activity of the RBCMs [149]. Here, different samples 

including RBCM, AuNPs, and AuNP-RBCMs were mixed with fluorescent antibody for CD47, 

and we observed the highest fluorescent signal intensity for RBCM, followed by AuNP-RBCMs. 

The AuNPs had barely any signal intensity due to the lack of CD47 receptors on their surface 

(Figure S4.2). Together, these results indicate that both size- and shape-tuned AuNPs were 

successfully coated with RBC-derived membranes with the right-side out.  

4.3.2 Biomimetic AuNP-RBCM SERS Nanoparticles with Signal Enhancement  

The biomimetic RBCM was coated on a dye attached AuNPs to function as the protective 

coating of SERS NPs. The resulted SERS NPs were referred to as AuNP-dye-RBCM. Dye attached 

AuNPs without coating (AuNP-dye) and dye-attached AuNPs coated with 5k Da SH-PEG (AuNP-

dye-PEG) was employed as controls. Raman spectra of different AuNPs were measured in aqueous 

NP solutions with the same particle concentration and laser parameter (integration time and laser 

power). It was first observed that, after RBCM coating, SERS intensity increases to 5 times the 

original intensity of AuNP-dye (Figure 4.2). Hotspot-induced SERS intensity change was 

excluded by good mono-dispersity of AuNP-dye-RBCM that is indicated in the absorbance 

spectrum and hydrodynamic size distribution (Figure 4.1). The compact wrapping of RBCM 

around AuNPs was proved to be important for the SERS enhancement by three supplementary 

trials (Fig. S4.4). In the first trial, the AuNP-dye solution was simply mixed with RBCM fragments 
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without bath sonication treatment. Only a ~3 times enhancement was observed after the mixing, 

which is probably due to membrane fragments attaching to AuNPs and forming an incomplete 

RBCM shell. The mixture was then treated with a 10-min bath sonication, and the SERS signal 

increases to 5 times the original intensity as a result of a complete and compact membrane packing 

(Fig. S4.4A). In the second trial, the RBCM was coated on the surface of AuNP-dye-PEG (Fig. 

S4.4B), and in the third trial, AuNPs were mixed with dye solution after RBCM coating (Fig. 

S4.4C). None of these experiments resulted in a SERS intensity enhancement as high as directly 

attaching RBCM on dye absorbed AuNPs, indicating that a tight and direct encapsulation of 

RBCM on AuNPs is essential for the observed SERS enhancement. The enhancement effect is 

then believed to be related to the electromagnetic enhancement mechanism, where the dielectric 

medium around plasmonic NPs changing from polar water (dielectric constant of 80.4) to the non-

polar lipid bilayer (averaged dielectric constant of 2 to 3) leads to an amplified reduction of 

electron dampening and boosts the electromagnetic field enhancement. Based on electromagnetic 

enhancement mechanism of SERS, the overall SERS enhancement factor is roughly the fourth 

power of the EM field amplification enhancement as shown in the following equation [64]:  

G ≈ |
𝐸𝑙𝑜𝑐

𝐸0
|

4

= |
𝜀𝑚−𝜀𝑠

𝜀𝑚+2𝜀𝑠
|

4

(
𝑅

𝑅+𝑑
)

12

          (Equation 4.1) 

Here, G is the SERS enhancement factor. Eloc and E0 are the EM field amplitude of the 

local field near NP surface and that of the incident field, respectively. 𝜀𝑚 and 𝜀𝑠 are dielectric 

constants of the metal core and the surrounding medium. R and d are the radius of the nanoparticle 

and the distance between the molecule and the plasmonic surface. The dielectric constant of gold 

(𝜀𝑚) is determined based on the excitation wavelength of 785 nm: [103] 

𝜀𝑚 =  −22.9 + 1.4i    (Equation 4.2) 
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Considering a Raman reporter molecule attached on a gold NP with fixed radius and 

distance to the plasmonic surface, when dielectric constant (𝜀𝑠 ) of the surrounding medium 

changes from 80.4 (water) to 3.0 (lipid), the enhancement factor change ( G𝑙𝑖𝑝𝑖𝑑 G𝑤𝑎𝑡𝑒𝑟⁄ ) is 

calculated as the following equation: 

G𝑙𝑖𝑝𝑖𝑑

G𝑤𝑎𝑡𝑒𝑟
= |

𝜀𝑚−𝜀𝑙𝑖𝑝𝑖𝑑

𝜀𝑚+2𝜀𝑙𝑖𝑝𝑖𝑑
|

4

|
𝜀𝑚+2𝜀𝑤𝑎𝑡𝑒𝑟

𝜀𝑚−𝜀𝑤𝑎𝑡𝑒𝑟
|

4

= 17.5   (Equation 4.3) 

, which matches well with the enhancement we observe from the RBCM coating.  

Besides, the enhanced SERS signal was observed to be quite stable over time, as the 

intensity of AuNP-dye-RBCM stays ~90% after up to 2-month storage at 4 ℃. Unfortunately, 

AuNP-dye-Cit irreversible aggregated over this period. AuNP-Cit are generally stable for long-

term storage due to their negative surface charge. However, after the attachment of the positively 

charged dye, the net surface charge of AuNP-Cit drops below -20mV (Fig. S4.4) and hence they 

are eventually aggregate during long-term storage. We further demonstrated that the SERS signal 

for AuNP-dye-RBCM remains stable (Fig. S4.5) in presence of serum proteins (50%) for 24 hours, 

highlighting the importance of using these biomimetic SERS tags for different in vivo biosensing 

and biomedical applications. 
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Figure 4.2 A). Schematics depicting the hydrophobic structure of RBCM and surface Raman 

enhancement. The dielectric constant of the surrounding medium changes from 80.4 (water) to 2-

3 (lipid bilayer), which leads to an amplified local electromagnetic field. (B). Raman spectra of 

AuNP-dye, AuNP-dye-PEG and AuNP-dye-RBCM, respectively, showing enhanced SERS 

intensity after RBCM coating. Spectra were acquired at laser power of 200 mW, integration time 

of 500 ms. 
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4.3.3 Dispersion Stability of AuNP-RBCM against Freezing and Lyophilization 

We proceeded to investigate the enhanced dispersion stability aspects imparted by the 

biomimetic AuNP-RBCM and compared it with linear PEG functionalized AuNPs (AuNP-PEG), 

which is used for biological applications [80, 136, 150-152]. We first investigated the freeze-thaw 

behavior of AuNP-RBCM by freezing them at -80 C for 30 minutes, followed by thawing them at 

room temperature, repeating these freeze-thaw cycles 4 times (Figure 4.3). RBCM exhibited 

excellent protection of SERS NPs against freezing, demonstrating not only well-preserved NPs 

dispersity, but also stable and intact SERS signal (Figure 4.3). As the control, AuNP-PEG though 

did not aggregate, but showed continuous SERS intensity decrease with ongoing freeze-thaw 

cycles (Figure 4.3B).  

Based on these results, we next attempted to evaluate the effects of lyophilization. Here, 

the samples were frozen in liquid nitrogen followed by sublimation of the solvent under reduced 

pressure. After lyophilization, AuNP-RBCM dispersed well in water, while AuNP-PEG 

aggregated after re-dispersion (Figure 4.4A). As a result of NP coupling, SERS signal of AuNP-

PEG dramatically increases (Figure 4.4B). SERS intensity of AuNP-RBCM drops to ~60% of the 

original signal, but the characteristic Raman peak stays distinct (Figure 4.4C). The cryo-protection 

of dye reporter molecules and SERS brightness from RBCM is hypothesized to be related with the 

strong hydrophobic-hydrophobic interaction between aromatic dye molecules and the alkyl tails 

of the lipids. However, the exact mechanism remains unclear and requests further investigations. 

These experiments indicate that the RBCM coating on AuNPs endows them with superior 

dispersion stability against lyophilization and freezing, which is an essential step for the clinical 

translation and commercialization of Au colloids-based SERS sensors.  
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Figure 4.3 A) UV-vis spectra of AuNP-PEG (up) and AuNP-RBCM (down) during 4 cycles of 

freeze-thaw. B) Relative Raman intensity change of AuNP-PEG and AuNP-RBCM during 

freeze-thaw cycles. C) Raman spectra evolve of AuNP-RBCM during freeze-thaw cycles. 

 

 

 

 



92 

 

 

 

 

 

 

Figure 4.4 A) UV-vis spectra of AuNP-PEG (up) and AuNP-RBCM (down) before and after 

lyophilization. Inserted: photos of the samples before and after lyophilization. B) Relative 

Raman intensity change of AuNP-PEG and AuNP-RBCM after lyophilization. C) Raman spectra 

change of AuNP-RBCM after lyophilization. 
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4.3.4 Spectroscopic Detection of Cancer Cells Using Ligand-Inserted, Biomimetic SERS 

Nanoparticles.  

We next attempted to impart these biomimetic nanoparticles with the cancer-targeting 

ability so that they could be used for in vitro SERS detection. A lipid-insertion strategy was 

adopted to functionalize RBCM with tumor-targeting peptides and subsequently coated them onto 

AuNPs. Towards this direction, we first attempted to optimize the lipid-insertion strategy in 

RBCM by using a lipid-tethered fluorescent probe (DSPE-PEG-Cy5, excitation/emission = 633 

nm/660 nm). Fluorescent intensities were measured for DSPE-PEG-Cy5 at increasing 

concentrations (1 g/mL to 1000 g/mL) to generate a calibration curve that would help us 

characterize the lipid-insertion efficiency and saturation level (Fig. S4.6). Subsequently, DSPE-

PEG-Cy5 at different concentrations were incubated with RBCM for 30 minutes at 4C followed 

by centrifugation, washing, referred to as RBCM-Cy5 1, 10, or 100 (depending on DSPE-PEG-

Cy5 concentrations) and examined via fluorescence intensity measurements. Fig. S4.7 

demonstrates the ligand density on the RBCM by controlling the amount of lipid-tethered ligand 

added. We further demonstrated by flow cytometry that compared to unmodified RBCM, modified 

RBCM-Cy5 100 had a significantly higher signal under the Cy5 channel (Fig. S4.8).  

Once we had validated the successful incorporation of lipid-tethered fluorescent dyes, we 

utilized a lipid-tethered tumor-targeting ligand (DSPE-PEG-cRGD) to functionalize AuNP-

RBCM. Cancer targeting using nanoparticles has been achieved in the last two decades by 

exploiting specific proteins that are upregulated in cancer cells. For example, integrins receptors 

are highly upregulated on tumor-associated endothelial cells during angiogenesis and metastasis 

of a wide range of rapidly growing tumors. Several integrins, including the αv integrins, have been 

shown to recognize the Arg-Gly-Asp (RGD) sequence as a critical determinant in their ligands. 
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These RGD-functionalized nanocarriers have been extensively developed and utilized for tumor 

imaging and delivering cargoes (chemotherapeutics drugs). In this work, we attempted to 

selectively target αvβ3 integrin-expressing cancer cells and their spectroscopic detection using 

lipid-inserted biomimetic SERS nanoparticles (AuNP-RBCM). For cancer cell detection, cRGD-

functionalized AuNP-RBCM were prepared using RBCM inserted with cRGD-PEG-lipid, 

followed by sonicating with AuNPs (Figure 4.5). Hydrodynamic diameter and zeta potential values 

did not change appreciably before- and after- the lipid-insertion strategy (Figure S4.9). UV-Vis 

absorption spectroscopy was also conducted to show successful conjugation of cRGD peptides 

onto AuNP-RBCM. As the targeting ability of cRGD-functionalized nanoparticles has been 

established in literature, we picked two model cancer cells lines, a high αvβ3 integrin expressing 

cell line, MDA-MB231 and another with low αvβ3 integrin expressing cell line, PANC-1 to 

confirm successful functionalization. Prior to conducting in vitro SERS spectroscopy studies, the 

cellular viability of AuNP and AuNP-RBCM@cRGD were evaluated in MDA-MB231 and 

PANC-1 cell lines using MTT assay and exhibited minimal cytotoxicity (Fig. S4.10). After 

overnight incubation of the cells with different dye-tagged AuNPs (AuNP-PEG, AuNP-RBCM, 

and AuNP-RBCM@cRGD), cellular binding was evaluated using SERS spectroscopy and 

darkfield microscopy. The MDA-MB231 cells were αvβ3 integrins positive and were detected 

with strong SERS signals (Figure 4.5C). In contrast, the PANC-1 cells did not express αvβ3 

integrins, showing little or minimal SERS signals (Fig. S4.11). In addition, we further validated 

the in vitro targeting efficacy of AuNP-RBCM@cRGD in the endothelial cells using darkfield 

microscopy (Figure 4.5D). Darkfield imaging allows the generation of images from light scattering 

of the samples. AuNPs are detected for their increased scattering properties compared to the 

surrounding signals. For MDA-MB231 cells, AuNP-RBCM@cRGD appeared to bind with the 
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cells at a high degree, unlike AuNP-RBCM which had minimal or low binding. Contrastingly, for 

PANC-1 cells, there was no enhanced binding amongst any of the investigated samples. Our results 

from SERS spectroscopy agrees well with the expression levels of αvβ3 integrins evaluated with 

the flow cytometry for these cells lines using FITC-conjugated mouse antibody, which show high 

expression for MDA-MB231 cell line and low expression for PANC-1 cell line [153, 154].  
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Figure 4.5 A) Schematic showing the preparation of AuNP-dye-RBCMs with tumor targeting 

ability by lipid insertion. B) Schematic depicting the targeting and spectroscopic detection of αvβ3 

expressing cancer cells using biomimetic and tumor targeted AuNP-RBCM@cRGD. C) Raman 

spectra of control cells, AuNP-PEG, AuNP-RBCM and AuNP-RBCM@cRGD treated MDA-

MB231 cells after 24h incubation. Each sample contains nanoparticle-cells suspensions dispersed 

in PBS. Spectra were acquired at laser power of 200 mW, the integration time of 2 seconds. D) 

Dark-field microscopy images of MDA-MB231 cells incubated with PBS1x, AuNP-RBCM, and 

AuNP-RBCM@cRGD, respectively. E) Normalized Raman intensity of 1: AuNP-RBCM, 2: 

AuNP-RBCM@cRGD treated cells at 1205 cm-1 Raman peak. MDA-MB231 and PANC-1 were 

selected as representative cell lines with and without cRGD targeted receptors, respectively. 
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4.4 Discussion – Red-Blood Cell Membrane Coating Driving Force and Functionality 

Though lots of work have reported using cell membrane as a coating technique for 

nanoparticles in a wide range of biomedical applications, the interaction between natural 

membrane and the synthetic nanoparticles still demands in-depth molecular analysis [141, 142, 

155]. Here, I briefly discuss the interaction between nature RBC membranes and citrate-stabilized 

AuNPs. 

Already in the early 1970’s it was known that the human erythrocyte membrane displays 

leaflet asymmetry in the phospholipid composition. [156] As is shown in Scheme 4.1, most 

phosphatidylcholine (PC) and sphingomyelin (SM) present in the outer leaflet, whereas 

phosphatidylserine (PS) and phosphatidylethanolamine (PE) are in the inner leaflet. [157] Due to 

the net negative charges borne by PS at physiological pH, the phospholipids show respectively 

neutral and negative charges between the outer and the inner lipid leaflets. The negative charge 

displayed on the RBC surface, however, is contributed from the ionization of sialic acid on copious 

surface glycans, which are highly hydrophilic and give the RBC steric stabilization. [157] On the 

other hand, the surface chemistry of synthetic AuNPs is more straightforward: the hydrophobic 

AuNPs are dispersed in aqueous solutions by various stabilizers: charged small molecules such as 

citrate (negatively charged), CTAB or CTAC (positively charged), or hydrophilic polymers that 

can provide steric repulsion such as PVP, etc. 
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Scheme 4.1 Asymmetrical distribution of lipid in erythrocyte membrane. Reproduced from Ref. 

157. 
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 Some interesting facts were discovered regarding the surface properties of RBCM and the 

NPs in the process of membrane coating. First, the surface charge of nanoparticle dramatically 

affects RBCM coating, according to one of the pioneering work by the Zhang group [158]. It 

showed that while the positively charged polymeric cores formed observable aggregates upon 

mixture with the RBCM vesicles, the negatively charged cores formed consist spherical particles 

with a core-shell structure observed by Cryo-TEM. It was suggested that a more subtle membrane-

particle interaction that is less disruptive to the membrane structure and fluidity could be achieved 

using negatively charged NPs, while the strong affinity of the negatively charged sialyl residues 

to positively charged NPs could collapse the fluidic lipid bilayer and impede the local arrangement 

necessary for lipid coverage [158]. Second, the negative charge of NPs was likely to repulse the 

more negatively charged extracellular membrane surface, resulting in a right-side-out membrane 

coating. Lastly, the phospholipid bilayer alone is not sufficient to stabilize the particles, and the 

steric stabilization was enabled by the poly-saccharides on RBCM [158]. As synthetic 

polysaccharides have been commonly reported for NP stabilization [159, 160], it is believed that 

the stabilizing capability of hydrophilic glycans comes from the sialic acid groups on the surface. 

As the glycans were cleaved by trypsinization, a significant aggregation of RBCM-NP was 

observed. [158]  

Our work matches very well with these findings. First, while coating RBCM on AuNPs, 

both a negative stabilized AuNP (citrate) and a positive stabilized AuNP (CTAB) were applied for 

sonication with RBCM vesicles, only citrated stabilized AuNPs could be successfully coated with 

RBCM. Second, we examined the presence and orientation of CD47 on the RBCM coating, and 

the fluorescence assay proved that the CD47 protein remained its functionality (Figure S4.2k), 

indicating that the RBCM is coated with a right-side out. Moreover, we observed very stable 
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RBCM coating of these SERS AuNPs for up to 2 month under a 4 ℃ storage condition, which 

was indicated by that the SERS signal of these AuNPs remain ~80-90% of the original SERS 

intensity after 2 months. The long-term storage ability was likely attributed to the stabilization 

brought by surface glycan. Additionally, the cryo-protection capability of these RBCM-coated 

AuNPs showed in our results was hypothesized to be attributed to the polysaccharides on RBCM, 

which has been known as a natural cryo-protection agent for frozen food preservation [161].  

Based on previous literature and our findings, the mechanism of forming stable RBCM 

coating on SERS AuNPs could be explained in this manner. First, sonication is used to cause 

damages to large cell membranes vesicles by forming air bubbles in a liquid to implode in a process 

called cavitation. Then, the membrane debris were mixed with citrate-stabilized hydrophilic 

AuNPs under sonication to facilitate entrapment of AuNPs. This process is similar to passive 

loading of hydrophilic drugs during forming of liposome vesicles [162, 163], but the difference is 

that the glycan-stabilized RBCM could bring a lower surface-energy and higher colloidal stability 

of weak citrate-stabilized AuNPs and thus the process is energy favorable. The completeness of 

RBCM coverage was reported to depend on the membrane-to-nanoparticle ratio [158]. It was also 

observed that not only spherical nanoparticles can be coated with membrane, but also some 

anisotropic nanoparticles despite their increased curvature [149]. Once the membrane coating is 

formed, the AuNP-RBCM structure could be quite stable for up to months attributed to the glycan-

driven colloidal stability by both electrostatic repulsion and steric repulsion.  
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Translocating natural RBC membranes onto the nanoparticles is expected to bring their 

biological functionality to the resulting RBCM-NPs. A wide range of experiments were conducted 

with this goal and are briefly summarized here. First, the CD47 protein markers was shown to 

retain and function well on the RBCM coating surface by both Zhang’s and our work, and their 

anti-phagocytosis capability against macrophage uptake due to the contribution of CD47 was also 

proved [164]. Second, the composition of membrane proteins is mostly retained throughout the 

RBCM-NPs synthesis determined by polyacrylamide gel electrophoresis (PAGE), except a loss of 

peripheral membrane proteins which was observed as a missing band near 51kDa if mechanical 

extrusion process was employed to facilitate membrane coating [165]. Finally, RBCM 

functionalized NPs showed elongated in-vivo blood circulation time, with 29% and 16% overall 

blood retention compared with 11% and 2% exhibited by the PEG-coated NPs after 24h and 48h, 

respectively. [165] This finding further confirms that the NPs were modified with the functional 

components on the RBCM membranes, which contain immunosuppressive proteins that inhibit 

macrophages uptake. However, it still requires further studies on whether these RBCM coated NPs 

could retain other physiological functions of RBC while interacting with different cell types, and 

whether the surface biomarkers that is responsible for blood type classification could be retained 

on extracted and re-assembled RBCM vesicles to match to patient’s blood type when human 

erythrocytes are used for NPs modification. To sum up, the proposed technique of erythrocyte 

membrane-camouflaged nanoparticles is believed to remain an interesting research direction due 

to not only their attractive biomimetic properties for nanoparticle delivery, but also the unsolved 

mysteries on their physiological functions. 
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4.5 Conclusions 

In summary, we have shown that when the RBCM coating was applied to AuNPs 

functionalized with Raman-active dye molecules, it resulted in a further improvement in the 

particle brightness with excellent reproducibility, long-term retention of the signal intensity, and 

improved dispersion stability, allowing AuNPs to be frozen, lyophilized with superior 

performances than previous PEGylated SERS nanotags. These biomimetic SERS AuNPs were 

further modified with tumor-targeting peptides (cyclic-RGD) using a lipid-insertion strategy to 

target the αvβ3 integrin receptors expressed on cancer cells and consequently used for in vitro 

SERS detection. Our data indicate that a biomimetic RBCM coating could be used as an alternative 

to PEGylated coating imparting AuNPs with improved dispersibility, enhanced SERS signal 

brightness, and tumor targeting functions. We anticipate that biomimetic membranes of different 

origins (cancer cells, immune cells, bacteria, etc.) could be employed to impart plasmonic 

nanoparticles with features of increased dispersion stability, improved SERS signal intensity, 

biocompatibility, and biofunctionalization capabilities for biomedical applications facilitating 

their introduction at a clinical level.  
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4.6 Supplementary Figures 

 

 

 

Supplementary Figure 4.1 Characterization of RBCM vesicles. A) UV-vis spectrum of pure 

RBCM vesicles. B) Hydrodynamic size distribution of RBCM vesicles. C) Zeta potential 

distribution of RBCM vesicles. D) Negative staining TEM image of RBCM vesicles. 
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Supplementary Figure 4.2 Physicochemical characterization of anisotropic RBCM-coated 

AuNPs. Negative-stained transmission electron micrographs of (a) AuNP-Cit, (b) AuNP-RBCM, 

(c) AuNP2-Cit, (d) AuNP2-RBCM, (e) AuNP3-Cit, and (f) AuNP3-RBCM, with the membrane 

coating in (b), (d), and (f) highlighted with white lines. (g-i) UV-Vis absorbance spectra of AuNP’s 

and AuNP-RBCM’s, with the inset boxes zoomed. The inset shows the intrinsic plasmonic 

absorbance peak shift for different anisotropic AuNPs upon RBCM coating. (j) Hydrodynamic 

diameter and zeta potential measurements for AuNPs before and after RBCM coating. (k) 

Anisotropic AuNPs uncoated and coated with RBCM were stained with a fluorescent anti-CD47 

antibody. Data shown as mean ± standard deviation, n = 3.  
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Supplementary Figure 4.3 A) AuNP-dye first mixed with RBCM solution, then the mixture was bath 

sonicated for 10 min. B) AuNP-dye first coated with 2k Da PEG, then coated with RBCM. C) AuNP first 

coated with RBCM, then mixed with dye solution. All spectra taken at 200 ms, 200 mW. 
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Supplementary Figure 4.4 Zeta potential profile of AuNP-citrate before and after reporter dye 

attachment 

 

 

Supplementary Figure 4.5 SERS signal stability of AuNP-Dye-RBCM was evaluated in serum 

proteins (50%) by collecting their Raman intensity values at 1205 cm-1 for different time points. 
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Supplementary Figure 4.6 (A) Schematic illustration of lipid-insertion modification of RBCM 

with DSPE-PEG-Cy5.  DSPE-PEG-Cy5 was incubated with RBCM and subsequently (B) UV-Vis 

absorption spectra and (C) Fluorescence spectra were evaluated for increasing concentration 

ranging from 1g/mL to 200g/mL. (D) Calibration curve obtained by plotting the fluorescence 

intensity with respect to concentration of DSPE-PEG-Cy5 lipid-inserted onto RBCM.   
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Supplementary Figure 4.7 (A) UV-Vis absorption spectra and (B) Fluorescence spectra were 

collected for RBCM, DSPE-PEG-Cy5 100 g/mL (referred as DSPE-PEG-Cy5 100), and RBCM 

lipid-inserted with 100 g/mL of DSPE-PEG-Cy5 (referred as RBCM-Cy5 100). (C) Subsequently, 

the amount of DSPE-PEG-Cy5 incorporated onto the RBCM was then quantified after 30 min of 

incubation and plotted against the initial amount added. This was further extended to DSPE-PEG-

Cy5 having concentrations of 50 g/mL and 10 g/mL, respectively.  
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Supplementary Figure 4.8 Flow cytometry histograms of (A) RBCM, and (B) RBCM 

incorporated with DSPE-PEG-Cy5.   

 

Supplementary Figure 4.9 (A) Schematic showing the preparation of AuNP-dye-RBCMs with 

tumor targeting ability by lipid insertion. (B) Hydrodynamic diameter and zeta-potential 

measurements of different samples. (C) Negative-stained transmission electron microscopy of 

AuNP1-dye-RBCM@cRGD.  
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Supplementary Figure 4.10 MTT assay for evaluation of cytotoxic effects of AuNP-RBCM & 

AuNP-RBCM@cRGD in (A) MDA-MB231, and (B) PANC-1 cell lines.  
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Supplementary Figure 4.11 (A) In vitro SERS spectra obtained from different dye-tagged 

samples in PANC-1 cell line which do not express v3 integrin receptors. (B) Comparative SERS 

intensity at 1205 cm-1 was plotted to investigate the role of lipid-insertion on cellular 

internalization.  

 

 

 

 

 

 



112 

 

CHAPTER 5: PHOTOACOUSTIC-SERS DUAL-MODALITY IMAGING AGENTS  

FOR IMAGE-GUIDED DIAGNOSTIC AND SURGERY 

 

5.1 Motivation – Photoacoustic-SERS Dual-Modality for Pre-operation Diagnostic and 

Intra-operative Image-Guided Tumor Resection 

Surgical resection remains the only curative treatment for many malignant cancers. The 

complete removal of the tumor burden is of great importance in this procedure, without which 

there is a high possibility of tumor recurrence [166, 167]. However, malignant tumor margins are 

often irregular due to diffusive invading to surrounding healthy tissues, and many surgeons 

distinguish tumor margin only by eyes and based on experience during tumor resection [168]. 

Therefore, surgeons usually choose to resect large margins of healthy surrounding tissues to 

remove all potential lesions, which may cause increased mortality and reduced quality of life of 

the patients.  

An imaging method with high sensitivity, deep tissue penetration depth and high spatial 

resolution will be ideal for both pre-operative tumor location and intra-operative tumor margin 

delineation. Among current imaging techniques, magnetic resonance imaging (MRI) and positron 

emission tomography (PET) are preoperatively adopted to determine the location of tumors for 

surgical planning, but both of them suffer from limited spatial resolution and poor sensitivity [169]. 

Computed tomography (CT) is also used to tumor staging, but it offers poor specificity and low 

soft tissue contrast [65]. Besides, these modalities are usually high-costed and require long imaging 

time, making them improper for real-time intra-operative detection of tumor margins. Ultrasound 

is more affordable and provide good structural information in real-time, but it cannot detect 

microscopic tumor burdens due to limited sensitivity and poor specificity [170].  
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To date, no single imaging modality is able to delineate the full extent of the tumor and 

provide accurate intraoperative guidance for achieving complete tumor resection. There is thus an 

increasing research interest in using single imaging agent to realize dual-modality image-guided 

surgery that provide both preoperative tumor demarcation and intraoperative image-guided 

surgery [76, 171, 172]. Among all imaging modalities, surface-enhanced Raman spectroscopy 

(SERS) has gained attention for accurate delineation of tumor margins and detection of 

microscopic tumors by offering extremely high sensitivity, unique Raman signatured peaks, 

minimum photobleaching and great multiplexing ability. In a pioneering work by Nie group, a 

handheld spectroscopic device called the “Raman Pen” was developed for high-sensitivity 

detection of tumor margins, metastatic lymph nodes, and micro-metastases during surgery [173]. 

Au is the main nanomaterials that provide plasmonic properties for surface enhancement. By 

attaching reporter molecules on Au nanoparticle surface, the synthesized SERS nanotags provide 

strong and distinct Raman signal that can be easily differentiated from biological tissues.  In 

addition to the plasmonic properties that commonly used for SERS, Au nanostructures also feature 

excellent photoacoustic (PA) imaging capability that can realize 3-D image of tumor tissue with 

high spatial resolution and centimeter-scale penetration depth [174].  

Because their surface resonant plasmon strongly depends on size and geometry, numerous 

methods have been developed to fabricate various types of AuNPs. Among various Au 

nanostructures, star-shaped AuNPs (‘nanostars’) have plasmon bands that are tunable into the NIR 

region, and the structure contains multiple sharp branches that act as “lightning rods” to greatly 

enhance the local EM-field [32]. Previous work has shown that Au nanostars (AuNS) is typically 

2 to 3 orders of magnitude stronger SERS enhancement factor (EF) than Au spheres. [87] 

Moreover, AuNS was also reported to show as large as 35-fold PA intensity enhancement with 
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respect to Au nanospheres due to higher energy conversion efficiency [175]. There are some 

previous work that reported using AuNS as imaging agents for both SERS and PA imaging, but 

the silica coating used in their work provides poor in-vivo stability, as well as complex surface 

conjugation chemistry with targeted ligands [176, 177].  

In this chapter, we present a RBCM protected AuNS agents for dual-modality of SERS and 

PA imaging. The LSPR peak of the AuNS were tuned to NIR window to enable better tissue 

penetration depth for biological image. Resonant chromophore, IR-780, was encoded to the AuNS 

to induce resonant Raman scattering with additional enhancement. Natural red-blood-cell 

membrane was applied as protective coating of AuNS to provide better biocompatibility by 

reducing macrophage uptake and to enable easier chemistry for target ligand conjugation by lipid-

insertion strategy. An ex-vivo tissue tumor detection phantom study was then conducted to show 

the potential of RBCM-coated AuNSs as imaging agents for SERS-PA dual-modality. Our results 

show that AuNS-RBCM could be excellent candidates for preoperative and intraoperative PA-

SERS dual-modality tumor imaging. 

 

5.2 Experimental Section 

Materials. Deionized water (DI water) was used throughout the work. The following chemicals 

were used as purchased without any further purification: IR-780 iodide (dye content ≥95%), N,N-

dimethylformamide (DMF), sodium citrate tribasic dihydrate, gold(III) chloride trihydrate 

(HAuCl4), sodium borohydride (NaBH4), poly(sodium 4-styrenesulfonate) (Na-PSS) solution 

(average Mw ~70,000, 30 wt. %), silver nitrate (AgNO3), L-ascorbic acid, sodium bromide (NaBr), 

hexadecyltrimethylammonium bromide (CTAB) and poly(ethylene glycol) methyl ether thiol 

(mPEG-thiol, Mn 2000 Da) from Sigma Aldrich, hexadecyltrimethylammonium chloride (CTAC) 
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from Tokyo Chemical Industry Co., LTD., poly(ethylene glycol) methyl ether thiol (mPEG-thiol, 

Mn 5000 Da) from Laysan Bio Inc. 

AuNS-dye-RBCM preparation. Glassware and stir bars for gold nanoparticle synthesis were 

washed by aqua regia before use. Gold nanostars (AuNS) were synthesized using a seed-mediated 

method [87]. First, 15-nm small AuNPs were synthesized as the seed. A water solution of 2.2 mM 

sodium citrate (60 mL) was heated to boiling under vigorous stirring. Once boiling had 

commenced, 400 μL of HAuCl4 solution (25 mM) was quickly injected. The reaction completed 

within 10 min where the solution turned from yellow to purple grey and then to burgundy. The 

resulted solution was centrifuged 3 times and stored as Au seed for the next step. For Au nanostars 

synthesis, to 4 mL HAuCl4 solution (0.25 mM), 4 μL of 1N HCl and 280 μL of 15-nm citrate gold 

seeds were added followed by simultaneous addition of 40 μL AgNO3 solution (3 mM) and 40 μL 

of ascorbic acid solution (100 mM) under stirring. The reaction was performed at room 

temperature, and the process was completed in less than 2 min. Raman reporter molecules IR-780 

stock solutions were prepared by dissolving 1 mg of the dye molecules into 1 mL of DMF. The 

stock solutions were diluted by DI water to form a dye concentration of 2.62 μM for fresh use. 

Typically, 136 μL above dye molecule solution was dropwise added to AuNS under moderate stir.  

RBCs derived from BALB/C mouse blood were purchased directly from BioIVT. Subsequently, 

it was subjected to hemolysis where the RBCs was suspended in lysis buffer, i.e., 0.25X PBS at 

4ºC for 1h. The resulting solution was centrifuged 4 times at 20000g to eliminate hemoglobin until 

a pink pellet (RBCM concentrate) was obtained, and the supernatant solutions was colorless. The 

pink pellet was resuspended in distilled water (~50mL) and vigorously mixed and sonicated for 10 

minutes in ice-water mixture. The RBCM solution was eventually added to AuNS solution with 

the RBCM vesicle/AuNS volume ratio of 1/3 and bath sonicated for 10 minutes to form AuNS-
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RBCMs. The resulting solution was centrifuged at 700g for 15 minutes to eliminate residual 

RBCM vesicles. 

AuNS-dye-PEG preparation. After 10 min incubation with reporter molecules, 1 mL SH-PEG 

solution (51.8 μM) was dropwise added to the AuNS@dye solution to form PEGylated AuNS. The 

solution was then incubated at room temperature for 1 hour, then the SERS nanoparticles were 

washed twice by centrifugation at 1100g to remove excess PEG and dye molecules. 

Nanoparticle characterization. Dynamic light scattering (DLS) measurements were conducted to 

measure the hydrodynamic size distribution (intensity average) of the nanoparticles on Malvern 

Zetasizer ZS90 instrument (Malvern Instruments Ltd, United Kingdom) at a fixed angle of 90°. 

Zeta potential (ζ) values were determined using a Malvern Zetasizer (Malvern Instruments Ltd, 

United Kingdom) of Nano series. Ultraviolet-visible (UV-Vis) absorbance of was recorded on 

GENESYSTM 10S UV-Vis Spectrophotometer (Thermo Scientific, MA, USA). Absorbance 

spectra were collected at an interval of 1 nm scanning from 300nm-1000 nm. 

Transmission Electron Microscopy (TEM) Imaging. A drop of RBC-coated or bare (non-RBC-

coated) nanoparticle solution was deposited onto a glow-discharged, carbon-coated TEM grid and 

incubated for 5 minutes. Excess liquid was removed, and samples dried overnight in a desiccation 

chamber. For negative staining, samples were stained with 1% uranyl acetate for 30 seconds 

immediately before imaging. All samples were imaged using a JEOL JEM-2100 transmission 

electron microscope at 200kV. 

SERS data collection and processing. Raman spectra were obtained using a BaySpec Agility 

transportable 785/1064 nm dual-band benchtop Raman spectrometer (East JHX, Inc.). 785 nm 

laser (200 mW) was used as the excitation source. Each Raman measurement includes 3 scans, 

and the averaged Raman spectrum was plotted. Averaged Raman intensity of 1205 cm-1 peak from 
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the 3 scans was chosen to show Raman signal change for the SERS AuNPs, and the error bars 

represent the standard deviations of the scans performed for 3 separate experiments. All the Raman 

spectra were baseline corrected to remove fluorescence background, and the band intensities were 

calibrated by standard sample (benzonitrile) spectrum. 

Photoacoustic imaging system. The photoacoustic imaging system is customized and is majorly 

composed of a Q-switched ND:Yag Opotek Phocus Mobile infrared pulse laser (OPOTEK, LLC) 

and Verasonics data acquisition (DAQ) system. The laser pulse width is less than 5 ns and with 10 

Hz repetition rate. The wavelength used in most of the experiments except photoacoustic 

spectroscopy is 750nm. Light is delivered by customized bifurcated 30 linear fiber bundles (30 

mm length for each output, Chunhui Science Co., Nanjing, China). The DAQ system is high-

frequency, programmable ultrasound Verasonics Vantage 256TM system (Verasonics Inc.). A 

MS250 ultrasound probe (FUJIFILM Visualsonics, Inc) with 256 elements and 21 MHz central 

frequency (bandwidth 13-24 MHz) is used for quantitative and qualitative PA signal detection. For 

tumor mimicking phantom imaging, a L12-5 50 mm ultrasound probe (Philips) with 256 elements 

and 7.8 MHz center frequency is used. In order to match the length of fiber bundle, only the central 

128 elements are used for imaging acquisition. Ultrasound probe and optical fiber bundle are 

coupled together by 3D printed customized coupler and are mounted on robotic arm (Meca 500, 

Mecademic Robotics) for imaging scanning. To synchronize the laser and DAQ system, the flash 

lamp and DAQ system are triggered by a 10 Hz TTL signal function generator, and the Q-switch 

of the laser is triggered by Verasonics Vantage system. All procedure, including laser triggering 

timing control, data acquisition, and scanning motion integration were proceeded through Matlab 

script. After radio frequency data acquisition, delay-and-sum beamforming algorithm is applied to 

reconstruct the photoacoustic images. 
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Quantitative and qualitative AuNS properties measurement using photoacoustic detection. To 

demonstrate the difference between different gold nanoparticles in both qualitative and 

quantitative aspect, two different detection system are adopted. For visualizing the qualitative 

differences, agar-based tissue mimicking hole phantom is adopted. Agar powder is added into 

water with 5% weight concentration and is heated to 90 oC for resolving. Then, 0.2% weight 

concentration of glass beads are added to mimic the tissue acoustic scattering properties. The 

solution is placed in vacuum oven at 65 oC and vacuumed for degassing and is poured in 3D printed 

mold for phantom geometry consistency. The diameter of the hole is 3 mm. The holes are 15 mm 

below the surface of the phantom to match the optical fiber bundle bifurcated focusing and 

ultrasound probe focusing. The specimen solution is mixed with 10% gelatin water solution, 

prepared at 50 oC and cooled down to below 30oC before injecting into the holes. For quantitatively 

determining the PA intensity, a plastic tube is fixed in plastic box and the distance between tube 

and ultrasound probe is kept at 15 mm for matching the focusing. The laser fluence for both 

quantitative and qualitative detection is 4.8 mJ/cm2. 

Linear scanning photoacoustic 3D volume imaging for tissue stacking tumor mimicking imaging. 

To capture the AuNS targeted tumor mimicking phantom beneath tissue, linear scanning is adopted 

to acquired 3D volume photoacoustic signals. The scanning step size is 0.5 mm and the number of 

steps is 40 to give a 20 mm imaging length. Two optical fluences, 18 mJ/cm2 and 4.8 mJ/cm2 are 

adopted to image the tumor phantom at different tissue depth. The photoacoustic intensities are 

normalized to the corresponding applied laser fluence. For the groups with tissue thickness less 

than 3 mm, 4.8 mJ/cm2 are applied. For the groups above 3 mm, 18 mJ/cm2 is adopted. For 3 mm 

group, both fluences are used to verify the fluence normalization. To assure the consistency of 

light delivery and acoustic focusing, the tumor mimicking phantom is always kept at same depth 
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related to ultrasound probe, regardless of the tissue thickness. The remaining space between tissue 

and probe is filled with water for acoustic wave coupling and is separated from water using plastic 

films. The 3D volume is projected along depth axis (z-axis) through maximum intensity projection 

(MIP) to demonstrate the complete structure of tumor phantom. After MIP, a square box region-

of-interest (ROI) is chosen to determine the photoacoustic intensity trend for different tissue depth. 

Lipid-insertion of tumor-targeting peptides. Stock solutions of DSPE-PEG-cRGD with 

concentrations of 100 µg/mL were made in DI water.  RBCM prepared earlier were thawed, bath-

sonicated in ice water. Subsequently, 1mL of RBCM was added to 1 mL of each DSPE-PEG- 

cRGD and vortexed vigorously for 1 min. The solutions were incubated for 30 minutes in the 

refrigerator followed by centrifugation at 600g for 15 minutes at 4℃. The supernatant was 

removed, and 2 mL of DI water was added to each tube. 

In vitro SERS study. To verify the effective binding of AuNS-RBCM@cRGD to endothelial cells, 

a comparative targeting study was performed in vitro with 4T1 and PANC-1 cells. Both cell lines 

were grown in Eagle’s Minimum Essential Medium (MEM), supplemented with 1.5 g/L sodium 

bicarbonate, non-essential amino acids, L-glutamine and sodium pyruvate and cultured until they 

reached ~80-90% confluency. Subsequently, they were plated in a 6-well plate and allowed to 

grow for 24h at 37C at the cell density of 10^6 cells/well. Dye-tagged AuNSs (AuNS-RBCM, 

and AuNS-RBCM@cRGD) were added to the media and allowed to incubate overnight. Following 

this, AuNS-containing media was removed by aspiration, and cells were rinsed two times with 

PBS. The cells were then collected and measured for SERS signal intensities using a BaySpec 

Agility transportable 785/1064 nm dual-band benchtop Raman spectrometer (East JHX, Inc.).  

MTT Assay of different AuNPs. The cytotoxic effects of various AuNPs in two different endothelial 

cell lines (MDA-MB231, PANC-1) was investigated using MTT assay established previously.  
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Tissue penetration depth study. The fresh ex vivo porcine tissues are purchased from grocery stores 

and frozen before use. Three types of tissues are used, i.e. muscle, skin and fat. Specifically, the 

pork tenderloin is chosen for muscle samples, and side pork for skin and fat samples. A meat slicer 

is applied to cut the frozen tissues into thin layers with different thicknesses. The length and width 

of tissues are over 3 cm to fully cover the NP gel. For the Raman penetration depth measurement, 

the laser probe was vertically fixed by a clamp, and the gel was placed on a fixed stage platform. 

Porcine tissues were put above the SERS gel and fully cover it, ensuring no air bubble in-betweens. 

The spectra were recorded at the best focus position.  

 

5.3 Results and Discussion 

We first compare the SERS and PA behavior of Au nanostars versus Au nanospheres. Here, 

AuNPs with the shape of sphere, rod and star are prepared at the same Au concentration 

(absorbance at 450 nm equals to 0.4), and attached with same amount of Raman reporter molecule 

IR-780 (final concentration of 0.05 um). The hydrodynamic sizes of the three AuNPs were all 40-

50 nm in diameter. SERS performance and photoacoustic intensity of the AuNPs were measured. 

Figure 5.1A shows that Au nanostars exihibit 2 and 1 orders of magnitude of surface enhancement 

with respect to the nanospheres and nanorods, respectively. The great Raman enhancement is 

believed to be resulted from the localized electromagnetic enhancement at hot spots of the sharp 

tip geometry. In addition to SERS, we also found that the photoacoustic intensity of Au nanostars 

are much stronger than Au nanospheres that measured at the same condition, which is in 

accordance with previous findings.  

We then coated the dye-attached Au nanostars with natural red-blood-cell membranes 

(RBCM) via similar method discussed in Chapter 4. Characterizations of the prepared AuNS-dye-
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RBCM are shown in Figure 5.2, where AuNS-PEG was used as the control. Negative-staining 

TEM image show a complete RBCM coating on Au nanostars (Figure 5.2A). From the UV-vis 

spectra, a LSPR peak shift was observed after RBCM coating (Figure 5.2B). The hydrodynamic 

size of AuNS-dye changes from 54 ± 5 nm to 144 ± 4 nm after RBCM coating, while still maintain 

very narrow size distribution (PDI = 0.195), indicating uniform RBCM coating on AuNS. The 

Zeta potential changes from -31 mV to -21 mV upon RBCM coating, indicating partially screening 

of the intrinsic charge of citrate-stabilized AuNS by the cell membrane. PA and SERS 

performances of the RBCM coated AuNSs were also tested. Figure 5.3 shows that AuNS-RBCM 

exhibited good linearity of its PA intensity and its SERS intensity versus NP concentration at 

picomolar level, which covers the common working concentrations of the NPs in-vivo.  
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Figure 5.1 A) SERS spectra of Au stars, rods and spheres. Raman spectra were measured at the 

same Au concentration and the same reporter molecule concentration, using integration time of 2 

seconds, 200 ms and 20 ms for sphere, rods and stars respectively. B) SERS intensity per second 

of 1205 cm-1 peak of the spectra in (A). C) Photoacoustic image of gels made from PEG and 

RBCM coated Au spheres and stars, respectively.   
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Figure 5.2 Cryo TEM images of AuNS-PEG (A) and AuNS-RBCM (B), respectively. PEG and RBCM 

coating was pointed out by white arrows. C) Absorbance spectra of bare AuNS, AuNS-PEG and AuNS-

RBCM respectively. D) Table of hydrodynamic size and zeta potential values of the samples. 
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Figure 5.3 A) SERS intensity linearity versus AuNS concentration. B) PA intensity linearity 

versus AuNS concentration. 
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Then, to mimic the functionality as imaging agents for in-vivo tumor detection, a bovine 

tissue phantom experiment was conducted. Briefly, an artificial hole was dug on a piece of bovine 

tissue, then AuNS-RBCM solution mixed with gelatin were filled in the hole and formed gel 

phantom as temperature decreased to mimic the tumor tissue (Figure 5.4A). PA imaging was 

acquired from the other side of the tissue (that is, the AuNS gel was 4-5 mm beneath the tissue, as 

shown in Figure 5.4A). A laser fluence of 18 mJ/cm2 was used for PA image scanning (which is 

below ANSI limit of laser exposure), and for each scan the samples were exposed to 1600 laser 

pulses. Figure 5.4Biii shows that the tumor phantoms were clearly observed in PA images. To 

make sure that the laser pulses do not melt the AuNPs during multiple pulses, the PA intensities 

of two continuous acquisitions were compared. No obvious intensity difference was observed 

between the two scans by comparing the PA intensity of the selected region of interest (ROI) 

(Figure 5.4D&E). These results indicates that the laser fluence intensity we used do not cause 

melting of the nanostars and can provide strong enough PA intensity for imaging. SERS 

measurement of the gels was also performed after PA imaging. The results showed that after 

multiple laser pulses, the SERS NPs still showed distinct Raman peaks at only 200-ms integration 

time (Figure S5.1). These results prove that the RBCM coated SERS NPs are excellent candidates 

for intraoperative PA-SERS dual-modality tumor imaging. 

As a natural cell membrane, RBCM was reported to improve nanoparticle biocompatibility, 

reduce immune response and elongate blood circulation time. Here we tested the immune response 

of RBCM coated PA-SERS dual-modality agent by incubating Cy5 modified AuNS-RBCM with 

RAW 264.7 macrophage cell lines for 4 hours, then measuring macrophage uptake by flow 

cytometry. As shown in Figure 5.5, a much reduced macrophage uptake was shown in RBCM-

coated NPs compared with PEGylated NPs.  
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Figure 5.4 A) Schematic illustration of AuNP gel embedded bovine tissue and PA measurement 

setup. B) i) photos of the prepared gel embedded tissue samples; ii) Ultrasound thin layer 

maximum intensity projection (MIP) images; iii) photoacoustic MIP images;  C) Repeated imaging 

scan of the AuNP-dye-RBCM gel in bovine tissue. D) Selected regions of interest (ROI) and E) 

photoacoustic intensity comparison at the ROI between the first and the second scan.  
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Figure 5.5 Reduced macrophage uptake by RBCM coating. A) Flow cytometry profile of control 

cells, AuNS-PEG and AuNS-RBCM in Cy5 channel. B) Percentage of cells that have AuNS 

uptake.  
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The RBCM-coated AuNS was then inserted with DSPE-PEG-cRGD to enable its targeting 

ability, using similar strategy that was discussed in Chapter 4. To test the function of the inserted 

cRGD, the cRGD functionalized NPs were then incubated with a high integrin expression cell line 

(4T1) and a low integrin expression cell line (PANC) for different time periods. The un-bounded 

AuNPs were then washed out, and the cell suspension was transferred to 96-well plate for SERS 

measurement. It shows that after 8-h incubation, the cRGD modified AuNS-RBCM showed 

around 2-folds higher uptake in respect with untargeted AuNS-RBCM by the tumor cells. Similar 

result was found from the photoacoustic measurement of the cells, where the PA intensity of the 

cell suspension incubated with cRGD modified AuNS-RBCM is roughly 2-folds of that incubated 

with AuNS-RBCM. The in-vitro results here proved the successful modification of cRGD peptide 

on RBCM coating via lipid insertion strategy, and the functionality of the inserted peptide.  
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Figure 5.6 In-vitro study. A) SERS spectra of the cell suspension after washed out free AuNPs 

after 8-h incubation. Spectra measured at a cell concentration of 2 million/mL in 96-well plate, 5-

second integration time, 200 mW. B) SERS intensity of 1205 cm-1 of the samples at 4, 8 and 24 

hours incubation with 4T1 cells. C) PA measurement of the cell suspension incubated with AuNPs: 

i) ultrasound image, ii) photoacoustic image and iii) combined image of the gels. D) Photoacoustic 

intensity calculated from the PA image in (C). 
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As a dual-modality imaging agent of both photoacoustic imaging and SERS, the AuNS-

RBCM need to first perform as PA image contrast for pre-operative tumor location, which requires 

tissue penetration depth of centimeter level, then as a SERS nanotag for intra-operative tumor 

margin detection and microscopic tumor detection, which requires penetration depth of 1-2 

millimeters. We thus performed a systematic ex-vivo tissue penetration depth study of AuNS-

RBCM using porcine tissues. The AuNS-RBCM solution was first mixed with gelatin and tumor 

cells to form a gelatin gel that mimics the tumor tissue targeted by the NPs (Figure 5.7Ai). The PA 

and SERS intensity of the pure gel were first measured at optimal measurement condition, then 

muscle and fat tissues of different thickness were covered on the gelatin gel to mimic deep-located 

tumor covered by natural biological tissues. Porcine tissues were carefully placed to avoid air 

bubbles between tissues or between tissue and the gel. PA and SERS intensity of the gel were then 

measured with different thickness of tissues (Figure 5.7A). The SERS signal of the gel drops fast 

with increased tissue thickness, with 1-mm of muscle the SERS signal is less than 10% of the 

original intensity. The tissue penetration of the gel was determined to be 2 mm for SERS, with a 

SNR calculated to be 6.4 (SNR ≥ 5) at this condition. For photoacoustic imaging, the gel covered 

by various thickness of tissue shows quite distinct PA intensity and spatial resolution until 4 mm 

of muscle. These results provide a quantitative penetration guidance of using the AuNS-RBCM as 

PA-SERS dual-modality imaging agents, indicating its strong potential as a preoperative and 

intraoperative tumor resection guidance.  
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Figure 5.7 A) Schematic illustration of i) gelatin gel preparation with tumor cells and AuNS; ii) 

PA and SERS measurement of the gel with one type of tissue; iii) PA and SERS measurement of 

the gel with two types of tissue. B) Raman intensity of 1205 cm-1 peak of the gel with different 

thickness of tissues covered. C) Signal-to-noise ratio (SNR) of 1205 cm-1 peak of the gel with 

different thickness of tissues covered. D) i) ultrasound image, ii) photoacoustic image, and iii) the 

maximum intensity projection (MIP) image of that volume. E) The MIP image of different tissue 

slices stacking between tumor and transducer. F) PA intensity of (E). 
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5.4 Conclusion 

In this chapter, we present a RBCM protected AuNS agents for dual-modality of SERS and 

PA imaging. The LSPR peak of the AuNS were tuned to NIR window to enable better tissue 

penetration depth for biological image. Resonant chromophore, IR-780, was encoded to the AuNS 

to induce resonant Raman scattering with additional enhancement. Natural red-blood-cell 

membrane was applied as protective coating of AuNS, which was shown to provide better 

biocompatibility by reducing macrophage uptake, and to realize target ligand conjugation by lipid-

insertion strategy. An ex-vivo tissue tumor detection phantom study was then conducted to show 

the potential of RBCM-coated AuNSs as imaging agents for SERS-PA dual-modality. Our results 

show that AuNS-RBCM could be excellent candidates for intraoperative PA-SERS dual-modality 

tumor imaging. 
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5.5 Supplementary Figures 

 

 

 

 

 

Supplementary Figure 5.1 SERS spectra of the embedded gel samples after laser pulses 

treatment and freeze-thawed. 
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Supplementary Figure 5.2 SERS signal stability of AuNS-dye-PEG (A) and AuNS-dye-RBCM 

(B) in RPMI cell media. 
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Supplementary Figure 5.3 MTT results of AuNS-RBCM and AuNS-RBCM@cRGD incubated 

with 4T1 and PANC-1 cell lines.  
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Supplementary Figure 5.4 4T1 cell with AuNS intakes cell concentration and PA sensitivity. 

For RBCM-cRGD coated group, the PA sensitivity at 8h: 1 million per mL. 
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Supplementary Figure 5.5 SERS spectra of the cell suspension after washed out free AuNPs 

after 4h and 24h incubation. Spectra measured at a cell concentration of 2 million/mL in 96-well 

plate, 5-second integration time, 200 mW. 
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Supplementary Figure 5.6 PA measurement of the PANC-1 cell suspension incubated with 

AuNPs. Upper:  ultrasound image; Lower: photoacoustic image. 
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CHAPTER 6: QUANTITATIVE SERS TISSUE PENETRATION STUDY  

AND NEXT-GENERATION NIR-II SERS NPS DESIGN  

 

6.1 Introduction – Penetration Depth Limit of SERS 

Remarkable advances of in vivo diagnostics and physiologic monitoring from biological 

studies to clinical applications has been witnessed at the near-infrared (NIR) window in recent 

decades, facilitating the field of intraoperative imaging and wearable spectroscopic devices [118, 

178]. These techniques rely on the characteristic light propagation in turbid biological tissue to 

probe chemical information of either an endogenous biomarker or an exogenous agent [179]. With 

the use of imaging agents, the fluorescence and Raman spectroscopy provide favorable properties 

well suited for the spectroscopic bioimaging and detections. However, the in vivo bioimaging and 

detections are restricted to limited penetration depth of photons that are highly attenuated by tissue 

scattering and absorption [180] (Figure 6.1A). Many efforts have been made to circumvent this 

problem, including extending the excitation to longer wavelength [12, 59]. The widely applied 

traditional NIR window (NIR-I, 650-950 nm in wavelength) shows the reduced tissue scattering 

and absorption compared to the visible spectrum (400-700 nm in wavelength). Further reduction 

of photon scattering, absorption and autofluorescence is observed in the second NIR window 

(NIR-II, 1000-1700 nm in wavelength), which allows deeper tissue detection with improved 

signal-to-noise ratio (SNR), higher sensitivity and better spatial resolution [59] (Figure 6.1). The 

deep tissue fluorescence imaging has been excelled in the through-skull imaging on mice at the 

NIR-II window, and the penetration depth could be over 5 mm with good spatial resolution [181]. 

Similarly, the surface-enhanced Raman spectroscopy (SERS) was reported to detect objects buried 

in 1-4 mm thick tissues [12]. Combined with deep Raman techniques such as the spatial offset 
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Raman or the transmission Raman, an improved penetration of SERS have been achieved up to 2-

5 centimeters [182-184]. Generally, high penetration in biological tissues is required for 

spectroscopic signals to achieve quality detection or imaging. 
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Figure 6.1 A) Light–tissue interactions resulting from impinging excitation light (blue). Interface 

reflection (cyan), scattering (green), absorption (black circle with purple cross) and 

autofluorescence (brown) all contribute to the loss of signal (fluorescence, red) and the gain of 

noise. B) Reduced scattering coefficients of different biological tissues and of intralipid scattering 

tissue phantom as a function of wavelength in the 400 – 1700 nm region, which covers the visible, 

NIR-I and NIR-II windows (blue, green and red shaded regions, respectively). They all show 

reduced scattering at longer wavelengths2. C) Absorption spectra of oxyhaemoglobin (red) and 

deoxyhaemoglobin (blue) through a 1-mm-long path in human blood2. D) Absorption spectrum 

of water through a 1-mm-long path. OD, optical density. E) Autofluorescence spectra of ex vivo 

mouse liver (black), spleen (red) and heart tissue (blue) under 808-nm excitation light, showing 

the absence of autofluorescence in the >1,500 nm NIR-II window123. Inset: Autofluorescence 

spectra at high wavelengths. The dashed lines denote the values at three standard deviations from 

the baseline. [179] 
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However, the idea of quantitative assessment of tissue penetration ex vivo is surprisingly 

underexplored with the lack of a standard definition and the benchmark setup of measurement. 

Here we present the concepts and a benchmark experimental procedure to quantitatively evaluate 

NIR tissue penetration ex vivo with the use of SERS. Raman spectroscopy is advantageous in 

quantitative studies with high photostability and characteristic fingerprint spectrum. SERS 

enhances the normal Raman intensity by 109-1014, providing exceptional sensitivity and specificity. 

In this work, we put forward the concepts of quantitative tissue penetration by defining an effective 

signal based on the spectral SNR. A benchmark experimental procedure was presented and the 

agarose gels containing SERS nanoparticles (NPs) were adopted as signal sources. Before the 

assessment, the distance of laser probe to tissue is optimized to get better signals. Then the direct 

comparisons of signal penetration depths were compared with different measurement conditions 

and SERS gel intensities on porcine tissues. The highest penetration depths on muscle, fat, and 

skin were 6, 3, 3 mm, respectively. We further reveal the relationship between SNR of SERS gels 

and corresponding penetration depths, making it possible to predict the tissue penetration depth of 

other types of spectroscopic imaging agents. The wavelength-dependent tissue attenuations and 

background interferences were compared between NIR-I (785 nm) and NIR-II (1064 nm). The 

SNR attenuation through 1 mm of tissue decreased at the NIR-II window by 18% on muscle, 7% 

on fat, and 17% on skin. The highly reduced tissue background interference at 1064 nm further 

demonstrates the superiority of NIR-II deep tissue bioimaging applications. This work provides 

the general criteria to quantitatively evaluate tissue penetration, offering valuable foundational 

information for the design and implementation of spectroscopic in vivo imaging and wearable 

devices. 
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On the other hand, with the understanding of the superiority of NIR-II window, the 

development of NIR-II SERS NPs is attracting increasing attention. An ideal NIR-II SERS NP 

should have strong resonance at NIR-II window, while keeping their size below 100 nm to 

maintain good in-vivo performance. Colloidal gold nanostructures with a variety of sizes and 

shapes offer a broad degree of freedom for tuning the plasmonic bands to the NIR-II region [117]. 

For example, gold star structures with a LSPR band that covers both the NIR-I and NIR-II were 

reported, where their multiple sharp branches serve as hotspots for electromagnetic Raman 

enhancement [31, 32]. However, AuNS structure with such sharp tips is rarely seen in literatures 

as the high-curvature tip geometry is not energy-favorable, and easily turns round with time [185, 

186]. Hollow gold nanocages or nanoshells are another type of plamonic nanostructures that can 

be tuned to NIR-II region, but the synthesis steps are often very complicated and time-consuming 

[40, 187]. Besides, the commonly used galvanic replacement process in the synthesis of this kind 

of AuNP is not friendly to physically attached chromophore Raman reporters [188, 189]. Therefore, 

in the second part of this chapter, we discuss the synthesis and stabilization of NIR-II resonant 

SERS NP for improved tissue penetration depth by MUA-PEG coating.  

 

6.2 Experiment Section 

Materials. All chemicals were used as received without any further purification. 

Cetyltrimethylammonium chloride (CTAC, ≥ 99.0%), sodium borohydride (NaBH4, 98%), 

chloroauric acid tetrahydrate (HAuCl4·4H2O), 4-nitrobenzenethiol (4-NBT), L-ascorbic acid, 11-

mercaptoundecanoic acid (MUA, 95%), diethyl ether (≥ 99.7%), Dimethylformamide (DMF), 

sodium citrate, 5k poly(ethylene glycol) methyl ether (mPEG, Mn 5000 Da), 4-[2-[2-Chloro-3-

[(2,6-diphenyl-4H-thiopyran-4-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-2,6-
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diphenylthiopyrylium tetrafluoroborate (IR-1061, dye content 80%), bovine serum albumin (BSA), 

dimethyl sulfoxide (DMSO), phosphate-buffered saline (PBS) and ascorbic acid were purchased 

from Sigma-Aldrich. Phosphate-buffered saline (PBS) was purchased from Corning. Silver nitrate 

(AgNO3, 99.8%) was purchased from Aladdin (China). Poly (ethylene glycol) methyl ether thiol 

(mPEG thiol, Mn 5000 Da) from Laysan Bio Inc. Agarose was purchased from Fisher Scientific. 

De-ionized water was used in all experiments. 

Preparation of SERS nanoparticles. The core-shell SERS NPs are synthesized using our reported 

method [36]. Basically, the Au NPs for 785 nm excitation is synthesized by preparing 20 nm Au 

core (1 nM) firstly using a seed-mediated method. [37] Then 500 μL of 4-NBT ethanol solution 

(10 mM) is mixed with 10 mL of Au core colloids under vigorous sonication. After 0.5 h, the 

colloids are centrifuged and washed with CTAC aqueous solution (50 mM) to remove excess NBT 

molecules. Then 1 mL of 4-NBT modified core are added into the mixture of 16 mL of CTAC 

solution (50 mM), 480 μL of ascorbic acid (40 mM), and 960 μL of HAuCl4 (4.86 mM). The 

products are collected after the 10-min reaction.  

The Au/Ag NPs for 785/1064 nm excitation is further synthesized by coating Ag layers on 

as-synthesized Au NPs [190]. 10 mL of Au NPs are incubated with 300 μL of 4-NBT molecules 

(10 mM) for 0.5 h, then washed three times and concentrated to 2 nM. For the formation of the Ag 

shell, 0.05 mL of AgNO3 (5.832 mM), 0.1 mL as-synthesized NPs (2 nM) and 25 μL of ascorbic 

acid (0.6 M) are added into the 2 mL of CTAC solution (50 mM). The colloids are kept at 70 °C 

for 3 h, then collected by three rounds of wash and dispersed in CTAC solution (50 mM). Both 

products are characterized by the UV-Vis spectrometer, and the transmission electron microscopy 

(TEM) images are acquired with a JME-2100F transmission electron microscope (JEOL, Japan).  
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Preparation of SERS gels. For the preparation of SERS gels, the obtained SERS NP colloids are 

washed by water twice to remove excess stabilizer, then redispersed in water with a concentration 

of 3 nM. Agarose aqueous solution (1 wt %) is heated up until the agarose is completely dissolved 

and the turbid solution turns clear. Then different volumes of agarose solution are mixed with 

SERS NP colloids to get a final NP concentration of 1 nM, 300 pM, 100 pM, 30 pM and 10 pM, 

respectively. The slight shaking and swirling are applied to ensure that the NPs are well dispersed. 

Then 3 mL of mixtures are quickly transferred into the wells of a 12-well plate. Let sit at room 

temperature for 1 h, until the agarose gel has cooled down and completely solidified. The SERS 

gel is obtained with a thickness of around 1 cm.  

Ex vivo porcine tissues. The fresh ex vivo porcine tissues are purchased from grocery stores and 

frozen before use. Three types of tissues are used, i.e. muscle, skin and fat. Specifically, the pork 

tenderloin is chosen for muscle samples, and side pork for skin and fat samples. The skin samples 

are composed of ~1 mm skin layers and subcutaneous fat layers. A meat slicer is applied to cut the 

frozen tissues into thin layers with different thicknesses. The length and width of tissues are over 

3 cm to fully cover the SERS gel. A vernier caliper is adopted to measure the thickness of each 

slice. Considering the softness of tissue samples, a 5-10% deviation in thickness is acceptable.  

Experimental settings and Raman penetration depth measurement. The 785/1064 dual-mode hand-

held Raman spectrometer (Bayspec Inc., USA) and its matching optical XYZ-linear stage are 

applied. The spectral resolution is ∼2 cm−1 for 785 nm and ∼11 cm−1 for 1064 nm measurement. 

The laser spot is 150 µm in diameter. Its focal length and focal depth was measured via a reported 

method as follows [191]: a silicon wafer was placed on the stage platform, then sequential 

acquisition of Raman spectra was performed when keeping the laser probe stationary and moving 

the platform up and down vertically with a step of 0.2 mm. The intensity of 520 cm-1 mode of the 
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silicon wafer was used to calculate the SNR. The plotted SNR-distance profile was a curve of 

Gaussian distribution with a decrease in both sides of the ideally focal plane (Figure S6.2, Right). 

The focal length of laser beam, where the SNR reached highest, was 6.80 mm. The focal depth, 

defined as an effective layer of the same area as SNR-distance profile (marked by the dashed 

rectangle), was calculated to be 1.22 mm. 

For the Raman penetration depth measurement, the laser probe was fixed on top of the 

stage, and the SERS gel was placed on the glass substrate at the stage platform. Porcine tissues 

were put above the SERS gel and fully cover it, ensuring no air bubble in-betweens. The spectra 

were recorded at the best focus position.  

The raw spectra are processed to remove the non-Raman background using a wavelet 

transform algorithm [192]. The Raman intensities of SERS gel signal (1338 cm-1) are calculated 

by averaging the data in the region of 1337-1442 cm-1; while the noise is calculated as the standard 

deviation in the region of 1950-2050 cm-1.  

Hydrophobic domain PEG ligand synthesis. Synthesis of MUA-PEG ligand follows the method 

outlined in Schultz et al [84]. In brief, 11-mercaptoundecanoic acid (MUA) and mPEG (5k Da) 

was mixed in 3:1 molar ratio in a round-bottom flask and kept under vacuum at 110 ℃ for 1 hour. 

Then the temperature was ramped up to 160 ℃ under N2 atmosphere with a reflux condenser and 

kept for 72 hours. The unreacted MUA was removed by multiple washings of cold diethyl ether. 

Synthesis of NIR-II SERS NPs. Glassware and stir bars for gold nanoparticle synthesis were washed 

by aqua regia before use. NIR-II AuNSs were synthesized using a seed-mediated method [87]. 

First, 15-nm small AuNPs were synthesized as the seed. A water solution of 2.2 mM sodium citrate 

(60 mL) was heated to boiling under vigorous stirring. Once boiling had commenced, 400 μL of 

HAuCl4 solution (25 mM) was quickly injected. The reaction completed within 10 min where the 
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solution turned from yellow to purple grey and then to burgundy. The resulted solution was 

centrifuged 3 times and stored as Au seed for the next step. For NIR-II AuNSs synthesis, to 30 mL 

HAuCl4 solution (0.25 mM) in a 50-ml centrifuge tube, 30 μL of 1N HCl and 2100 μL of 15-nm 

citrate gold seeds were added followed by simultaneous addition of 300 μL AgNO3 solution (4 

mM) and 300 μL of ascorbic acid solution (100 mM) under moderate stirring (600 rpm). The 

reaction was performed at room temperature, and the process was completed in less than 2 min 

with the solution turning from light yellow to dark grey. Raman reporter molecules IR-1061 stock 

solutions were prepared by dissolving 1 mg of the dye molecules into 1 mL of DMF. The stock 

solutions were diluted by DI water to form a dye concentration of 2.62 μM for fresh use. Before 

adding dye to the as-synthesized NIR-II AuNS, a 1% Pluronic® F-127 solution was first added to 

the system to a final concentration of 0.1% to avoid aggregation during dye addition. Typically, 3 

mL above dye molecule solution was dropwise added to NIR-II AuNS under moderate stir. After 

10 min incubation with reporter molecules, 5 mL SH-PEG or MUA-PEG solution (51.8 μM) was 

dropwise added to the AuNS@dye solution. The solution was incubated at room temperature for 

1 hour, then the SERS nanoparticles were washed twice by centrifugation at 1000g to remove 

excess PEG and dye molecules. 

 

6.3 Results and discussion 

6.3.1 Quantitative SERS tissue penetration study  

6.3.1.1 Definition and experiment setup design 

A through-tissue detection is made via two steps: (1) penetration of incident radiation by a 

propagation distance to excite the Raman-active nanomaterials; and (2) diffusion of scattered 

Raman photons through the same distance again to be collected by the probe. The optical 
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information is attenuated in two ways of both incident irradiations transmitting outside-in and 

emission inside-out (Figure 6.2A). Therefore, we define the penetration depth as the largest 

thickness of tissue with which an effective signal from signal source embedded in tissues can be 

detected. The measurement setup is shown in Figure 6.2B. The SERS gel is served as the source 

of Raman signal, placed on a glass substrate, and covered by a layer of biological tissue. The 

handheld laser probe of a Raman spectrometer is utilized to excite and collect SERS signals from 

the top. As depicted in Figure 6.2C, each Raman spectrum is firstly processed by a baseline 

correction to remove the fluorescence background while preserving characteristic Raman peaks 

from the SERS gel and the tissue. The signal intensity is calculated by the difference between the 

maximum value of the peak and the baseline, while the noise is the standard deviation of the 

spectrum in a region without any specific Raman peaks. An effective Raman signal is defined 

based on the spectral SNR. When a Raman spectrum has the SNR:  

𝑆𝑁𝑅 =  
𝐼𝑠𝑖𝑔𝑛𝑎𝑙

𝜎𝑛𝑜𝑖𝑠𝑒
≥ 3                                                      (Equation 6.1) 

,it indicates with >99.7% confidence level that this spectrum is an effective signal instead of a 

random noise. Consequently, the penetration depth in this study is determined as the largest 

thickness of tissue with which on top an effective Raman signal with the SNR of ≥3 is detected 

from the tissue-covered SERS gel.  

The SERS gels, served as tissue phantoms and Raman signal sources, are prepared using the 

agarose gels containing SERS NPs (Figure 6.2D). The inset photographs in Figure 6.2C shows 

gels with the SERS NP concentration of 10 pM to 1 nM. In this way, we are able to obtain the 

Raman-active material in a solid state while maintaining the uniform dispersion of SERS NPs. The 

guaranteed linear correlation between NP concentration and Raman intensity provides excellent 

signal reproducibility for our evaluations. Two types of SERS NPs are adopted in this work. One 
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type is the Au NPs with a core, a petal-like shell and a Raman molecule layer in between (Figure 

6.2E, i) [72]. The other type is fabricated by further coating the above NP by a second Raman 

molecule layer and a silver (Ag) layer, forming a bimetallic NP with the smooth surface (Figure 

6.2E, ii). For clarity, the two types of SERS NPs are named as Au NP and Au/Ag NP. The Au NP 

shows favorable Raman performance at 785 nm excitation and are used for NIR-I penetration 

assessments in our studies. The Ag coating enhances the SERS intensity of NPs at the off-

resonance situation, improving the Raman performance at the NIR-II window [193]. Therefore, 

the Au/Ag NP is applied for the comparative measurements between NIR-I and NIR-II excitation. 

In Figure 6.2E, the UV-Vis spectrum of Au NP and Au/Ag NP were shown. The Raman molecule 

4-nitrobenzenethiol (4-NBT) is used in both NPs (Figure 6.2F). The strongest peak of SERS gel 

at 1338 cm−1 is chosen as the signal peak for intensity read-out (𝐼1338), calculated as the averaged 

intensity in the range of 1335-1341 cm-1. The noise is calculated as the standard deviations in the 

region of 1950-2050 cm-1
. The Raman spectra of muscle, skin and fat tissues are also shown in 

Figure 6.2F, indicating that the peak at 1338 cm−1 of SERS gel is distinguishable from that of the 

tissues. For a mixed Raman signal collected from the SERS gels and tissues, a simple subtraction 

of tissue contributions is conducted to extract a real value of 𝐼1338 from the mixed spectrum.  
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Figure 6.2 Scheme of the definition, setup, data analysis, nanomaterial preparation and Raman 

characterization of SERS nanomaterials for the penetration depth measurement. (A) The definition 

of penetration depth. (B) The experimental setup benchmarks. (C) The criteria for an effective 

spectral SNR. (D) SERS gel preparation process. The inset photographs show the SERS gels with 

Au NP concentrations of 1 nM, 300pM, 100 pM, 30 pM, and 10 pM. (E) TEM images and UV-

vis spectra of SERS NPs: (i) Au NPs for measurements under 785 nm excitation, (ii) Au/Ag NPs 

for measurements under 785/1064 nm. The insets in TEM images show the schematic structures 

of NPs. (F) Raman spectra of the SERS gels and biological tissues under 785 nm excitation, 

measured with 100 mW and 5 s integration time. 
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6.3.1.2 Optimization in the focal plane for Raman measurements on tissues 

Due to reflection, scattering, absorption, and auto-fluorescence during light propagation 

within tissues (Figure S6.1), when the laser excitation on an imaging tracer gel is blocked by tissue 

samples, a dramatic decrease in the collected signal is induced as well as a shift of laser beam 

focus spot. Therefore, prior to the penetration depth measurement, an optimization of the focal 

plane at 785 nm excitation is performed. The procedure consists of sequential acquisitions of 

Raman spectra on tissue-covered SERS gels while moving the optical stage in z-direction (Figure 

S6.1B). The SERS gel contains 1 nM Au NPs. The tissue is from 1 to 6 mm in thickness and the 

SERS gel is ~1 cm. When the interface between SERS gel and tissue is placed at the focal plane 

of the laser probe, z is defined as zero (Figure S6.1C); when the interface moves up or down 

vertically, z becomes negative or positive, respectively. The focal length and focal depth of the 

laser beam is estimated to be 6.80 and 1.22 mm by silicon wafer (Figure S6.2). If we assume that 

the focal length of laser beam stays the same and neglect the light distortion in tissues, the negative 

z values mean that the laser focus being in the tissues, and the positive ones mean that in the gels.  

The pure SERS gel was firstly measured to determine its best focal plane. As shown in 

Figure S6.1D, the optimal focus position turned out to be 2 mm under the gel surface (when z 

equals to -2). This coincided with our common sense that the best focus of a laser beam is usually 

beneath the material surface. Next, we put muscle, fat and skin tissues with different thicknesses 

on top of the gel. A suitable measurement condition is considered that the integration time and 

power should be adequate to get a detectable signal, but not too high to induce overheating or 

damaging sample. Herein, 10 s integration time and 200 mW laser power were adopted. With 1 

mm of muscle tissue on top, the z value of the maximum signal shifted to -0.18, appearing to be 

very close to the gel-tissue interface. When the muscle became thicker to be 1.5, 2, 3, 4, 5 and 6 
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mm, the optimal z values became -0.008, +0.452, +1.402, +2.452, +4.298 and +5.188, respectively. 

If the focal length of laser beam remains the same, these positive z values may indicate that the 

laser focus has moved into the muscle tissue, above the gel surface. Similar results were observed 

for fat and skin (Figure S6.1F and S6.1G). When 1 mm of fat tissue was placed between laser and 

gel, the maximum signal was obtained at the z value of -0.438, which means the focus spot was 

slightly underneath the gel surface. With 1.5, 2 and 3 mm of fat tissues, the z value became -0.197, 

+0.78 and +2.238, respectively. For 1 mm of skin tissues, the optimal z value was -0.408. And a 

shift in the z value was seen to +0.181, +1.198 and +2.566, when the thickness increased to 1.5, 2 

and 3 mm, respectively. The data for fat and skin of more than 3 mm in thickness were not shown 

since their SNR decreased dramatically, making it hard to trace the best focus positions. These 

optimization measurements were repeatedly conducted for at least 3 times on different batches of 

tissues and SERS gels. Although the SNR values were not the same for each batch due to the 

experimental errors in slicing and measuring tissue thickness, we obtained similar SNR-z profiles 

and z values for each test, proving the reliability of the measurements.  

Some interesting conclusions arises from these results. First, when a tissue is added on the 

signal source, the laser probe should consequently move up to obtain better signals. Second, 

although signals tend to decrease when the laser focus moved away from the ideal focal plane, the 

SNR measured on thinner tissues at a slightly defocusing position is still higher than that on thicker 

tissues at the best focal plane. This phenomenon is observed on three types of tissues, indicating 

that tissue diffusion plays a more decisive role in attenuating optical information than the 

defocusing of the laser beam. Third, the offset between the ideal focal plane and SERS gel surface 

can be as much as several millimeters. This provides a reference for the in vivo intraoperative 
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spectroscopic detection that when an effective signal is detected, the real locations of lesions can 

be millimeters away, deep in the tissues. 

The quantitative penetration assessments were investigated on three types of porcine 

tissues (muscle, fat and skin) at the NIR-I window (785 nm). We studied three factors that affects 

the SNR, i.e., measurement conditions (laser power and integration time), signal source intensities 

and tissue properties. All the Raman spectra were measured at the best focal planes.  

Measurements were firstly performed using a laser power of 5, 10, 50, 100, 200 mW with 

10 s integration time on the SERS gel with 1 nM Au NPs (Figure 6.3A, top panel). The SNR 

attenuation in tissues fitted well with exponential decay curves. The calculated penetration depths 

were all shown in Table S1. The highest penetration was obtained using 200 mW, which were 6, 

3, 3 mm for muscle, fat, skin. For comparison, when using a laser power of 5 mW, the penetration 

depth dropped to 3, 1, 1.5 mm respectively. We plotted the SNR data versus laser power (Figure 

S6.3) and found the curve fitting well with the growth model, confirming that the SNR increases 

with a higher laser power. The extension of integration time also played an important role in 

improving signal penetration. We measured the SNR with a shorter integration time (1 s) at 

different laser powers (Figure S6.4). When using 200 mW, the penetration depth was 4, 1, 1 mm 

for muscle, fat, and skin. As for that with 1 s and 5 mW, the penetration dropped to less than 1 mm 

for all types of tissues. The impacts of measurement conditions can be well explained that the 

increase in either the laser power or integration time helps reducing the background shot noises, 

leading to a better SNR. 

We then conducted the comparison on the signal source intensities using SERS gels with 

Au NP concentrations of 1 nM, 300 pM, 100 pM, 30 pM and 10 pM, with 200 mW and 10 s 

integration time (Figure 6.3B, top panel). The SNR attenuation also showed an exponential decay 
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in tissues. Higher SNR was obtained with brighter SERS gels. The lowest penetration depth using 

10 pM gel was 3, 1, 1 mm for muscle, fat and skin, respectively. In all measurements we observed 

the tissue-dependent penetration performance, which is due to the intrinsic optical properties of 

each type of tissues. Generally, skin and fat have higher absorption and scattering coefficients than 

muscle, since the optical properties of muscle are mainly defined by hemoglobin and water; while 

fat and skin are more complex with additional lipid molecules; also, skin contains melanin in its 

epidermis that is of high scattering [194, 195]. The higher absorption and scattering in skin and fat 

tissue reduce the number of photons reaching the embedded SERS gels at a deeper distance.      

We further revealed the relationship between SERS gel SNR and the corresponding 

penetration depth (Figure 6.3C). The x-axis is the measured SNR of pure SERS gel without being 

covered by tissues, and the y-axis is the penetration depth measured on tissue using the same power 

and integration time as measuring the SERS gel. For all three types of tissues, an improved 

penetration was observed with brighter SERS gel. The clear correlations indicate that the 

penetration depths are determined by the SNR of source signals, opening the possibility to predict 

the penetration performance for other types of spectroscopic agents. For instance, one could 

estimate the concentration of SERS NPs targeting to the tumor site in vivo, and then simply 

measure the SNR of NP colloids with the same NP concentrations in vitro, to expect the maximum 

thickness of tissues around tumors through which the signals from NPs can be detected. Similarly, 

if one intends to get an effective signal from the tumor site buried by 1 mm fat or 2 mm muscle, 

then he or she could presume according to this figure that the original SNR from the imaging 

nanoagents designed for tumor targeting must be over 500 or 850, respectively. This result 

provides valuable information to benefit the design and evaluation of in vivo imaging studies and 

intraoperative spectroscopic detection on patients. 
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Figure 6.3 Comparison of excitation powers and SERS gel brightness for Raman penetration depth 

measurements under 785 nm excitation. (A) Power dependent SNR (top) and normalized SNR 

(bottom) measured using different powers and 10 s integration time, on the SERS gel of 1 nM NP. 

The powers are 5, 10, 50, 100, 200 mW. (B) Gel brightness dependent SNR (top) and normalized 

SNR (bottom) measured on SERS gels of different NP concentrations with 200 mW power and 10 

s integration time. The NP concentrations are 1 nM, 300 pM, 100 pM, 30 pM and 10 pM. The 

tissue thicknesses are 1, 2, 3, 4, 5, 6 mm. (C) Quantitative tissue penetration depth in relation to 

the SNR of pure SERS gels. 
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6.3.1.3 Tissue attenuation properties and background interference: NIR-I versus NIR-II  

 

Moving towards longer NIR wavelength is beneficial with a number of favorable optical 

properties, including the reduced absorbance, scattering and autofluorescence background of 

tissues. This provides a pratical way to alter the tissues properties and improve photon penetration 

since the tissue light scattering scales with λ-α (α=0.2-4). [12] In the past decade, a significant 

amout of advances has been made on the fluorescence imaging at the emerging NIR-II window, 

and the investigations on NIR-II SERS are also beginning to be reported [12].   

We quantitatively compared the tissue penetration properties using SERS at the NIR-I (785 

nm) and NIR-II (1064 nm) windows. The measurements were performed using the same batch of 

tissues and SERS gel for two wavelengths. Integration time and laser power were chosen to make 

the pure SERS gel to have comparable intensities at two wavelengths (Figure 6.4A, black). The 

Raman spectra shows that the 1338 cm-1 peak intensity of SERS gel (marked in pink) decreases 

dramatically when covered by tissues and becomes unobservable with 5 mm muscle on top at 785 

nm excitation. In contrast, this peak still gets exhibited with 6 mm muscle on top at 1064 nm 

excitation, indicating a better tissue penetration at the NIR-II window. The calculated SNR shows 

the tissue penetration depths at 1064 nm excitation are of 6 mm, 3 mm and 3 mm for muscle, fat 

and skin tissues, better than that of 4 mm, 2 mm, 2 mm at 785 nm excitation.  

Figure 6.4B shows the profile of the normalized SNR versus tissue thickness. With 1 mm 

tissues on top, the normalized SNR drops to 16% at 785 nm and 34% at 1064 nm for muscle. The 

improvements are also observed on fat and skin tissues that the normalized SNR percentage is 10% 

at 785 nm and 17% at 1064 nm for 1 mm fat; 10% at 785 nm and 27% at 1064 nm for 1 mm skin. 

The improvements on fat are most limited. Although 1 mm skin appears to be easier to penetrate 

than fat at 1064 nm, the two tissues have similar penetration depth. This is because the porcine 
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skin used in measurements is composed of a thin epidermis (<1 mm) top layer and subcutaneous 

tissues that are mainly fat.  

    The in vivo detection on NIR-II window also benefits from the reduced auto-fluorescence 

background from biological tissue chromophores. We measured the Raman spectra of seven types 

of tissues, i.e. skin, muscle, bone, lung, kidney, liver and fat, under both 785 nm and 1064 nm 

excitation. The raw Raman spectra without baseline corrections are displayed to provide a direct 

comparison of the wavelength-dependent background interferences (Figure 6.4D). With 785 nm 

excitation, the auto-fluorescence background is observed for all tissues, especially for the liver, 

kidney, lung and bone due to the enrichment of hemoglobin and structural proteins in these tissues 

[196]. Some characteristic peaks of the tissues are buried in the fluorescence background 

interference and hard to recognize, e.g. 1446 cm-1 and 1653 cm-1 peak in complex organs like liver, 

kidney and lung. In contrast, all Raman peaks well emerge under 1064 nm excitation when tissue 

chromophores fluorescence decreases exponentially at the longer wavelength [197]. Characteristic 

peaks in biological tissue samples include modes at 1445 cm-1, 1660 cm-1, and in the range of 

1200-1340 cm-1, which correspond to the CH2 deformation peak, amine I band and amine III band, 

respectively [168, 198]. The strong peak at 960 cm-1 for bones is dominated by phosphate internal 

mode [199]. For the SERS nanotags applied in imaging-guided tumor diagnosis and detection, it 

is important that their characteristic peaks should be well discriminated with tissue background 

peaks. Therefore, in selecting the Raman reporter molecules for NIR-II SERS tags, they are 

preferred to have characteristic peaks within 1100-1200 cm-1, 1500-1600 cm-1 or 1800-2200 cm-1 

region (marked by green) to avoid an overlap with tissue Raman peaks (marked by gray). The 

reduction in fluorescence background makes it possible for us to adopt longer laser exposure time 

on the NIR-II window. For example, the background of kidney is extremely high under 785 nm 
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excitation, which is over 40,000 counts with an integration time of only 4 s, and no clear Raman 

peaks are seen. Nevertheless, the background drops tremendously at 1064 nm excitation that the 

autofluorescence background is only 4,000 counts with 30 s integration time. These results 

demonstrate the superiority of the NIR-II detections in deep layer tissues.  
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Figure 6.4 Wavelength-dependent tissue penetration and background interferences on the NIR-

I/II window. (A) Representative Raman spectra of SERS gels covered with muscle, fat and skin of 

different thicknesses.  The measurements were performed with 785 nm (200 mW, 1.5 s integration 

time) and 1064 nm (450 mW, 10 s integration time). The SERS gel of 300 pM Ag/Au NPs was 

used. (B) The profile of normalized SNR versus tissue thickness. (C) Tissue attenuation 

coefficients of muscle, fat and skin. (D) Tissue autofluorescence background of porcine skin, 

muscle, bone, lung, kidney, liver and fat. The measurements were performed with 785 nm (200 

mW, 4 s integration time) and 1064 nm (450 mW, 30 s integration time).  
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6.3.2 NIR-II resonant SERS NP design 

With the understanding of the superiority of NIR-II window, we aim at preparing SERS 

NPs with strong resonance at NIR-II window, while keeping their size below 100 nm to maintain 

good in-vivo performance. Among various plasmonic nanostructures, gold nanostars is one class 

of material that meets the above requirements. The LSPR peak of AuNS was reported to be 

proportional to the aspect ratio of the tips [32]. Therefore, if the tips are sharp and long enough, 

even a small AuNS particle can have its LSPR peak tuned beyond 1000 nm. I successfully 

synthesized AuNS with only ~ 60 nm in diameter, but with a LSPR peak around 1050 nm, very 

close to the commonly used NIR-II laser 1064 nm (Figure 6.5).  

However, AuNS structure with such sharp tips is rarely seen in literatures as the high-

curvature tip geometry is not energy-favorable, and easily turns round with time [185, 186, 200]. 

In this work, I adopted the new hydrophobic domain modified PEG (MUA-PEG) as the protective 

layer of the AuNS. It was found out that the LSPR peak of the MUA-PEG coated AuNSs barely 

shift after 2-week storage at room temperature, and the high absorbance of the NPs at NIR-II 

window was well-preserved (Figure 6.6). The LSPR peak of the traditional PEG coated AuNSs, 

however, shifts from 1050 nm to 900 nm within 2 weeks, resulting in decreased absorbance at 

NIR-II window. The better protection of the anisotropic AuNS structure by MUA-PEG was likely 

the contribution of the strong hydrophobic interaction between the ligands that stabilizes the 

surface energy and prevents the geometry from evolving.  
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Figure 6.5 A) UV-vis spectrum of the NIR-II AuNS. High absorbance at NIR-II window was 

observed. B) TEM image of NIR-II AuNS coated with MUA-PEG.  

 

 

 

 

 

Figure 6.6 UV-vis spectrum change of the NIR-II AuNS with traditional PEG coating (left) and 

MUA-PEG coating (right) during 2-week storage at room temperature. TEM photos of the samples 

were inserted with the UV-vis spectra.  
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After attaching IR-1061 dye as the reporter molecule, we obtained distinct and strong 

Raman intensity at 1064 nm excitation (Figure 6.7A). The stability of the NIR-II SERS NP was 

first tested through multiple laser exposure considering that continuous laser pulses may bring the 

risk of tips being melt by the generated heat, and thus reduces the SERS signal. The NIR-II SERS 

NPs were made into agarose gels with uniform NP dispersion, and the gel was tested under 100-

mW 1064-nm laser scans, with each scan of 5-second integration time (Figure 6.76B). The probe 

and the gel were fixed with each other during the measurement to make sure that the area exposed 

to laser is the same. It was found that the exposed NIR-II SERS NPs in the gels show consistent 

SERS signal after 20 scans, with the SERS signal remains ~90% of the original value (Figure 6.7C 

and Figure S6.4). The new NIR-II AuNS structures with sharp tips, protected by MUA-PEG with 

strong hydrophobic interaction between each other, and attached with resonant dye as reporters 

with stable NI-II signal, are believed to be a strong candidate for biological imaging in the NIR-II 

window. 
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Figure 6.7 A) Raman spectrum of IR-1061 attached AuNS coated with MUA-PEG. Laser: 1064 

nm, 200 mW, 2-second integration time. B) Laser exposure setup (left) and the agarose gel made 

from NIR-II AuNS solution (right). C) Raman signal drift of the NIR-II SERS NP gel during 18 

laser scans (100 mW, 5-second integration time). 
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6.4 Conclusion 

In this chapter we report the proof of concepts and a benchmark setup for the quantitative 

assessments of NIR tissue penetration ex vivo using SERS. The concepts, setups, and materials 

presented in this work provide a simple and standard assessment procedure to benefit the 

spectroscopic bioimaging and detection application. The penetration depth was quantitatively 

defined as the largest thickness of tissues with which an effective signal can be detected from 

tissue-covered signal source. The effective signal was determined based on the spectral SNR of ≥

3. Through these concepts, the quantitative penetration assessments were performed using three 

types of porcine tissues under 785 nm excitation with the laser power of 5-200 mW and the 

integration time of 1-10 s. The highest penetration depths obtained are 6, 3, 3 mm on porcine 

muscle, fat, and skin, respectively. A clear correlation between the penetration depths and the 

original SNR of signal sources is revealed, which provides valuable information to predict the 

tissue penetration for other types of spectroscopic imaging agents. 

Three factors, i.e., measurement conditions, signal source intensities and tissue properties, 

are shown to be closely related to the SNR as well as penetration depth. The only factor that has a 

wide margin of improvements is the signal source intensity. This reasonably explains why a 

significant number of studies has been reported on the design and invention of ultra-bright imaging 

agents. One promising way to circumvent the limitation of tissue attenuation is the use of longer 

excitation wavelength. As compared at the NIR-I (785 nm) and NIR-II (1064 nm) window, the 

tissue attenuation coefficients are reduced for all three types of tissues at 1064 nm. The SNR 

attenuation through 1 mm of tissue decreases by 18% on muscle, 7% on fat, and 17% on skin. The 

weakened tissue autofluorescence interference at 1064 nm also demonstrates the superiority of 

NIR-II deep tissue bioimaging and detections. This work provides foundational information for 
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the design, modification, and implementation of in vivo bioimaging and detections to facilitate the 

developments of intraoperative imaging and spectroscopic detection devices in the medical context. 

A comprehensive combination of innovation in imaging agent material and improvements in 

detector system could lead towards a new level of deep-tissue bioimaging and image-guided 

surgery. 

Based on the understanding of more transparent bio-image window at NIR-II compared 

NIR-I, a novel NIR-II resonant SERS nanotag was developed and stabilized using the 

hydrophobic-locked PEG ligands. The new NIR-II AuNS structures with sharp tips, protected by 

MUA-PEG with strong hydrophobic interaction between each other, and attached with resonant 

dye as reporters with stable NI-II signal, are believed to be a strong candidate for biological 

imaging in the NIR-II window. 
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6.5 Supplementary Figures and Table 

 

 

 

 

 

 
 

Supplementary Figure 6.1 Optimization of the laser focal plane for Raman measurements on 

tissues. (A) Signal attenuation during the “penetrating-in” and “transmitting-out” process: 

reflection at the interface (i), scattering (ii), absorption (iii), auto-fluorescence (iv).  (B) 

Experimental set-up. (C) Schematic illustration of focal depth, focal plane, and the interface of 

SERS gel and tissue. (D) The SNR of the sequential Raman measurements on the SERS gel at 

different z. The measurements adopted 200 mW power and 200 ms integration time. (E-G) The 

SNR of Raman measurement on SERS gels with muscle (E), fat (F) and skin (G) of various 

thicknesses on top. The measurements adopted 200 mW power and 10 s integration time. 
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Supplementary Figure 6.2 (Left) The measurement of focus depth and focal length of the laser 

beam. A silicon wafer was placed on the platform, and sequential acquisition of Raman spectra 

was performed at different Z position by moving the platform up and down with a step of 0.2 

mm, while the laser probe was kept stationary. (Right) The profile of SNR versus the distance 

between silicon wafer and laser probe. The intensity of 520 cm-1 modes of the silicon wafer was 

used to calculate the SNR. The focal depth is defined as an effective depth near the ideally 

focused plane (the dashed rectangle). 
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Supplementary Table 6.1 The SNR of SERS gels and corresponding tissue penetration depth of 

SERS signal, measured with different excitation powers, integration times and SERS NP 

concentrations under 785 nm excitation. The data were analyzed from the results in Figure 6.2. 

 

 

   Penetration Depth  

Power and 

integration time 

SERS NPs 

concentration 

SNR of pure 

SERS gel 
Muscle Fat Skin 

5 mW, 10 s 1 nM 580±62 3 mm 1 mm 1.5 mm 

10 mW, 10 s 1 nM 754±87 4 mm 1 mm 1.5 mm 

50 mW, 10 s 1 nM 1336±42 5 mm 2 mm 2 mm 

100 mW, 10 s 1 nM 1659±70 5 mm 2 mm 3 mm 

200 mW, 10 s 1 nM 2171±119 ≥6 mm 3 mm 3 mm 

5 mW, 1 s 1 nM 71±5 1 mm <1 mm <1 mm 

10 mW, 1 s 1 nM 96±7 2 mm <1 mm <1 mm 

50 mW, 1 s 1 nM 334±9 3 mm 1 mm 1 mm 

100 mW, 1 s 1 nM 510±22 3 mm 1 mm 1 mm 

200 mW, 1 s 1 nM 839±46 4 mm 1 mm 1 mm 

200 mW, 10 s 10 pM 364±19 3 mm 1 mm 1 mm 

200 mW, 10 s 30 pM 544±30 2 mm 1 mm 1 mm 

200 mW, 10 s 100 pM 723±21 4 mm 1 mm 2 mm 

200 mW, 10 s 300 pM 1369±128 5 mm 2 mm 3 mm 
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Supplementary Figure 6.3 The profile of SNR versus excitation power for Raman measurement, 

analyzed based on the data of Figure 3A. The power is 5, 10, 50, 100, 200 mW.  

 

 

 

 

 

 
Supplementary Figure 6.4 Power dependent SNR (top) and normalized SNR (bottom) measured 

using different powers and 1 s integration time, on the SERS gel of 1 nM NP. The powers are 5, 

10, 50, 100, 200 mW.  
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 Supplementary Figure 6.5 Raman signal at 1560 cm-1 change during laser scans. 
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