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Abstract

Integrins are cellular surface receptors responsible for activation of many cellular pathways in 

cancer. These integrin proteins can be specifically targeted by small peptide sequences that offer 

the potential for the differentiation of cellular subpopulations using magnetically assisted cellular 

sorting techniques. By adding a gold shell to the magnetic nanoparticles, these integrin-peptide 

interactions can be differentiated by surface enhanced Raman spectroscopy (SERS) providing 

a quick reliable method for on target binding. In this paper we demonstrate the ability to 

differentiate the peptide-protein interactions of the small peptides CDPGYIGSR and Cyclic 

RGDfC functionalized on gold coated magnetic nanoparticles with the integrins they are known 

to bind to using their SERS signal. SW480 and SW620 colorectal cancer cells known to have 

the integrins of interest were then magnetically sorted using these functionalized nanoparticles 

suggesting differentiation between the sorted populations and integrin populations among the 2 

cell lines.
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The formation of heterogeneous tumors is believed to have significant impact on treatment 

efficacy in cancer. As one example, glioblastoma (GBM) is a heterogeneous tumor believed 

to have at least 4 cellular subtypes, making it difficult to treat and characterize.1 Likewise, in 

other cancer types, such as colorectal cancer, subpopulations can be stratified in a number of 

ways, including by accrual of mutations such as WNT, KRAS and BRAF, which can result 

in changes in proliferation and invasion potential. In cancer, attachment to, and detachment 

from, the extracellular matrix (ECM) regulates cellular signaling and invasiveness of the 

tumor.2 The ECM consists of matrix molecules with which cellular receptor proteins interact 

to influence cellular signaling pathways, such as migration, maturation, differentiation, 

survival, and tissue homeostasis.3 Since the ECM can regulate cellular differentiation, 

studying the ECM-cell interactions offers a potentially useful tool for differentiating tumor 

subpopulations allowing for more targeted treatments.

Three important and prominent structural components of the ECM are vitronectin, 

fibronectin and laminin, which bind cancer cells through integrin proteins and signal the 

activation of cellular pathways.2–6 Integrins are a family of cellular surface receptors that 

mediate the attachment of cells to the ECM and have specificity in their binding based 

on the combination of α and β domains.7 In order to target specific integrins and their 

interactions with the ECM, small peptides such as the Arg-Gly-Asp (RGD) and Tyr-Ile-Gly-

Ser-Arg (YIGSR) can mimic vitronectin or fibronectin and laminin respectively.8–11 The 

RGD peptide sequence targets two integrins, integrin αvβ3 and integrin α5β1, that are 
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correlated with disease progression.12–15 Integrin αvβ3 is associated with enhanced cellular 

motility and migration and resistance to apoptosis12,16, while integrin α5β1 is important 

in assembling the fibronectin matrix and initiating the cellular attachment to the ECM.17 

The YIGSR sequence on the other hand has been shown to bind to the β1 integrin domain, 

specifically to the integrin α6β1 but also has been reported to bind to integrin α4β1.18–20

While these small peptide mimics have been used in cell spreading experiments10,21 and 

to provide cell attachment points in 3D hydrogel cultures, their ability to be grafted or 

functionalized onto nanoparticles make them ideal probes for studying integrin binding to 

a given cancer cellular population. Raman probes22 or fluorescent tags23 are often used 

in conjunction with cellular imaging to assess a cell’s binding phenotype. These methods 

provide intense signals, but with the loss of the chemical information at the binding site 

that is useful for analyzing specificity of the binding and the ability to differentiate the 

possible interactions. SERS is a nondestructive spectroscopic technique that is insensitive 

to water making it useful for studying biological systems24 It has been shown previously 

that the RGD peptide has been functionalized onto gold nano-stars and the unique spectral 

fingerprint has allowed for label free identification of the proteins.25,26

In order to further enhance the signal, many studies have focused on changing the shape27–29 

or size29 of the nanoparticles to selectively tune the localized surface plasmon resonance 

(LSPR) for the highest enhancement. Recently, there has been a growing interest in 

magnetic nanoparticles as SERS sensors with their ability to magnetically isolate the target 

of choice from complex media.30 Magnetic nanoparticles can help further enhance SERS 

by inducing aggregation, generating hot spots between particles where coupled plasmon 

resonance can produce enhancements of around 1012.31–33

In situ, the magnetic ability to remove them from complex media is helpful. However, there 

are even more exciting prospects in situ. Magnetic cellular sorting traditionally involves 

the use of antibodies to specifically target cells or to deplete a heterogeneous cellular 

population. This concept can be adapted by replacing antibodies with the small peptide 

mimics targeting specific integrin proteins expressed in the cell to selectively select for high 

integrin expression.

In this paper, we demonstrate the ability to differentiate integrins based on their 

spectral fingerprint. SERS spectra were acquired from Au-coated magnetic nanoparticles 

functionalized with CDPGYIGSR and cyclic-RGDfC and incubated with purified integrins 

α4β1, α5β1, α6β1 and αvβ3. These SERS spectra were analyzed using multivariate curve 

resolution (MCR) to identify the characteristic spectra of each interaction. Furthermore, 

the confusion matrix for off target interactions was also acquired and compared to the 

MCR model to ensure signal contributed from off target interactions is insignificant and 

distinguishable from on target interactions. We show the ability to distinguish the peptide-

protein interactions for 4 integrins that are essential in the process of cellular binding to 

the ECM. SW480 and SW620 colorectal cancer cell lines were then sorted using both 

CDPGYIGSR and Cyclic RGDfC functionalized gold coated magnetic nanoparticles to 

analyze the ability of the particles to select cellular subpopulations.
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Experimental

Chemicals

Absolute Mag gold coated magnetic nanoparticles (capped with citrate, 250 nm diameter) 

were purchased from CD Bioparticles. Cyclic Arg – Gly - Asp -D – Phe – Cys (RGDfC), 

≥95% was purchased from Biosynth. L-Cysteinyl-L-α-aspartyl-L-prolylglycyl-L-tyrosyl-

L-isoleucylglycyl-L-seryl-N5-(diaminomethylene)-L-ornithine (CDPGYIGSR) ≥95% was 

purchased from ThermoFisher Scientific. Recombinant human Integrin αvβ3 ≥90%, 

Recombinant Human Integrin α4β1 Protein, CF ≥90%, Recombinant Human Integrin α5β1 

Protein, CF ≥90% and Recombinant Human Integrin α6β1, CF ≥95% were purchased from 

R&D systems. Ultrapure water from a Thermo Scientific GenPure UB-TOC/UF xCAD 

water purification system was used. Magnesium chloride (MgCl2) and calcium chloride 

(CaCl2) were purchased from Sigma Aldrich and phosphate buffered saline (PBS) was 

bought from Gibco Life Technologies Corporation. RPMI Medium was purchased from 

ThermoFischer Scientific. Fetal Bovine Serum one shots were purchased from Gibco. 

SW480 and SW620 cell lines were purchased from American Type Cell Culture (ATCC, 

Manassas, VA, USA) and validated using STR sequencing. All chemicals were used without 

further purification.

Instrumentation

SERS measurements were performed on an InVia Qontor Renishaw microscope using a 633 

nm laser and 50X long working distance objective (0.5 NA). Zetasizer measurements were 

recorded using a Malvern Zetasizer ZS. Extinction measurements were performed on a Cary 

4000 UV Vis instrument. Nanoparticle Tracking Analysis was performed on a Nanosight 

NS300. An Accumet Basic AB 15 pH probe was used for pH measurements.

Peptide Functionalization of Gold Coated Magnetic Nanoparticles

To functionalize peptide onto the nanoparticles, 100 μL of gold coated magnetic 

nanoparticles (1.54 × 1010 nanoparticles/mL) were centrifuged at 7000 relative centrifugal 

force (rcf) for 15 minutes and the supernatant was removed. To the particles, 630 μL of 

ultrapure water was added along with 70 μL of stock peptide (1 mM CDPGYIGSR or 1.15 

mM Cyclic RGDfC). Particles were then allowed to shake overnight in Eppendorf tubes 

encapsulated in foil to ensure no photo damage of the nanoparticles occurred. After shaking 

overnight, the functionalized nanoparticles were centrifuged at 7000 rcf for 15 minutes and 

the supernatant was removed. The particles were washed with 700 μL of ultrapure water 

to ensure excess peptide was removed. Particles were resuspended in 1 mL of ultrapure 

water and the extinction was measured from 200–800 nm. The zeta potential of the peptide 

functionalized nanoparticles was then recorded at pH ≈ 6 and after adjustment using 0.1 M 

HCl to reach pH ≈ 4. Particles were again centrifuged as before, and the supernatant was 

removed before they were resuspended in 200 μL of ultrapure water and sonicated for about 

5 minutes to ensure a stable suspension. 5 μL of each peptide nanoparticle suspension was 

then dropped onto a glass slide and allowed to dry while under an external magnetic force 

from the bottom of the slide. Raman measurements were then taken using a Renishaw InVia 

microscope with a 633 nm laser, 0.14 mW of power and 1 second acquisition times.
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Incubation of Integrin Proteins with Peptide functionalized nanoparticles

Once the gold coated magnetic nanoparticles were functionalized with peptides and 

characterized, the particles were centrifuged and resuspended in 100 μL of 10% Ca2+ and 

Mg2+ positive PBS except for Cyclic RGDfC with Integrin αvβ3 which was kept in water.

For CDPGYIGSR functionalized nanoparticles, four 50 μL aliquots of nanoparticle 

suspensions were separately incubated with 373 nM integrin α4β1, 375 nM integrin α5β1, 

373 nM integrin αvβ3, and 347 nM integrin α6β1, respectively, for 2 hours while shaking. 

From this solution 5 μL were dropped onto a glass slide while under an external magnetic 

field and dried in air prior to (SERS) measurements.

Protein treatment of cyclic RGDfC functionalized nanoparticles followed a similar 

procedure. Four different 50 μL aliquots of particles were incubated with 373 nM integrin 

α4β1, 375 nM integrin α5β1,217 nM integrin αvβ3, and 347 nM integrin α6β1 respectively 

for 2 hours. The same procedure was used for acquiring SERS spectra.

Cell Passage and Sorting

Human SW620 and SW480 colon cancer cells derived from commercial cell lines (ATCC) 

were passaged at approximately 80% confluency in 1640 RPMI medium supplemented with 

10% Fetal Bovine Serum. The cells were cultured in tissue culture plates at about 80% 

confluency at 37°C with a 5% CO2 humidified atmosphere. Trypsin with EDTA was then 

added to the flask for 5 minutes to cause detachment from the plate but to maintain viability 

of the cells prior to recovery and incubation. After passage, cells were allowed to recover 

their surface markers by sitting for 2 hours with a slight rock in a conical vial every 30 

minutes in 10% FBS medium. Afterwards cells were resuspended in 500 μL of DPBS with 

CaCl2 and MgCl2. Cells were then counted using a 5-fold trypan blue in a Fuchs Rosenthal 

hemocytometer to determine the number of cells. Enough particles functionalized with 

peptide also resuspended in DPBS with CaCl2 and MgCl2 were to constitute 40 particles/cell 

and allowed to incubate for 2 hours with the cells with rocking every 30 minutes. The 

cells were then counted using a 2-fold dilution with trypan blue to ensure suspension. The 

cells were then centrifuged for 5 minutes at 300 rcf and the cells were resuspended in 2 

mL of EasySep Sorting buffer and allowed to magnetically separate for 5 minutes using 

an EasySep cell separation magnet. The supernatant was saved as the not magnetically 

separated (negative) cell concentration. While 2 mL of sorting buffer was used to rinse 

off the magnetically separated (positive). Each population was once again centrifuged for 

5 minutes at 300 rcf and resuspended in 500 μL of DPBS with CaCl2 and MgCl2. Each 

population was then once again recounted using a 2-fold dilution with Trypan Blue.

SERS Mapping of Cells

Sorted SW620 and SW480, positive and negative subpopulations, were allowed to adhere 

overnight in 10% FBS 1640 RPMI medium on glass cover slips. Cells were then fixed with 

4% paraformaldehyde for 15 minutes before being washed with water prior to imaging. 

Raman maps were then taken on a Qontor Renishaw InVia microscope with a 633 nm laser, 

0.37 mW of power, 50X long working distance objective (0.5 NA) and 1 second acquisition 

times.
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Data Analysis

MATLAB R2020b was used for all data analysis. Raman spectra from peptides and 

their interactions with integrin proteins were baseline corrected using adaptive iteratively 

reweighted penalized least squares (airPLS).34 Spectra were then integrated for total 

intensity. The standard deviation of the peaks showing consistent low integrated intensity 

was obtained and a threshold of three times the standard deviation plus the mean of these 

points were used to set a threshold for spectra that showed signal. The data was reduced to 

only the spectra that showed any signal above this set threshold (Figures S3–S4). All spectra 

kept were then normalized to their most intense peak. To reduce the dimensionality of 

the data, multivariate curve resolution alternating least squares (MCR-ALS) was performed 

using the PLS Toolbox in MATLAB. The normalized spectra were used without further 

preprocessing. Raman cell maps for the sorted populations were baselined corrected and 

Pearson correlation scores were calculated for each expected interaction compared to the 

MCR loadings generated.

Results and Discussion

Peptide Characterization

Gold coated magnetic nanospheres were functionalized with extracellular matrix (ECM) 

peptide mimics to investigate their corresponding SERS spectrum when incubated with 

integrin proteins. For the well-studied fibronectin motif of Arg-Gly-Asp (RGD), cyclic 

Arg-Gly-Asp-Phe-Cys (RGDfC) has been used previously for similar integrin binding 

studies.26,35,36 Figure 1A shows SERS spectra normalized to the most intense peak of 

cyclic RGDfC functionalized nanoparticles compared to the unfunctionalized citrate capped 

nanoparticles. The functionalized cyclic RGDfC nanoparticles exhibit a characteristic peak 

at 1003 cm−1 and 1030 cm−1 attributed to phenylalanine, which is not present in stock citrate 

capped nanoparticles.37,38 Bare particles exhibit a peak at 997 cm−1 that is spectroscopically 

distinct from the phenylalanine peaks observed once the peptide was functionalized. Large 

standard deviations as shown in the shaded area (Figure 1A) can be explained by the forced 

aggregation and generation of hot spots from pulling the nanoparticles with a magnet to a 

spot. While this forced aggregation generates more potential hot spots for increased SERS 

enhancement, the variable distance between particles can cause the overall intensity to 

fluctuate drastically.39

Laminin can be mimicked using the peptide motif of Tyr–Ile–Gly-Ser–Arg (YIGSR). To 

ensure specific integrin binding and provide thiol chemistry for easy functionalization, the 

peptide Cys–Asp–Pro –Gly–Tyr-Ile-Gly-Ser-Arg (CDPGYIGSR) was used for its ability to 

promote cell attachment10,19. Unlike the RGD peptide motif, there are no readily assigned 

peaks from peptide on the nanoparticles as shown in Figure 1B. However, the change in 

spectral background from the bare implies a change on the surface of the nanoparticles.

Successful functionalization of the peptide to the nanoparticles was confirmed by 

complimentary methods. Due to the weak acid/base nature of the amino acids, changes 

in the overall peptide charge can occur as the pH of the solution changes. Thus, the surface 

charge of the functionalized particles should be responsive to pH, whereas bare particles’ 
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surface charge is less responsive. Zeta potential was measured right after functionalization 

(pH around 6) and following pH adjustment to 4. These pH’s spans the isoelectric points of 

the peptides on the particles, 5.4 for Cyclic RGDfC and 5.9 for CDPGYIGSR., respectively. 

The change in the zeta potential for the cyclic RGDfC functionalzied nanoparticles is 

smaller than the CDPGYIGSR peptide, an observation that can be attributed to the cyclic 

nature of the RGDfC peptide which increases the peptide’s resistance to pH changes.40

Statistically significant changes (p < 0.01) in the surface charge are seen when the 

peptide functionalized particles are functionalized and when they are protonated at the 

lower pH compared to the bare citrate capped nanoparticles (Figure 2). Furthermore, for 

functionalization of particles with both cyclic RGDfC and CDPGYIGSR, a slight plasmon 

shift from 608 nm to 610 nm is observed and a slight increase in absorbance from the 

peptide backbone is seen at 205 nm.41 (Figure S1).

Protein Incubation

It has been previously shown that the interaction between integrin proteins and their 

corresponding ligands can be studied by analyzing their Raman signals.26,35,36,42 By 

utilizing the plasmonic features of the gold coated magnetic nanoparticles, a SERS 

enhancement of the binding site of the ligand-protein interaction can be observed. 

Extracellular matrix components, and thus peptide mimics, are known to bind to multiple 

different integrins. This leads to the potential for multiple binding partners on a cell for a 

given peptide. SERS offers the ability to quickly determine which interaction is occurring, 

providing information about expression of integrin proteins in a given cell line. This label 

free approach offers a significant advantage over the commonly performed approaches 

due to its unique spectral specificity. Figure 3A shows the SERS signals of peptide 

functionalized nanoparticles with different integrin receptors the attached peptide is known 

to bind with. The SERS spectra and standard deviations of the known on-target peptide-

integrin interactions11,12,17,18,43–46 and reported interactions (CDPGYIGSR – Integrin 

α4β1)19 (Figure 3A) offer not only evidence of binding, as a labeled approach does, but 

also chemical information about the binding site of the interaction. Standard deviations in 

Figure 3A are also explained by the nature of hot spots,39 with added uncertainty originating 

from the size and orientation of these proteins. Even with consistent binding, the portion 

of the protein in the hot spot might slightly differ, causing some variation in spectral 

signatures. Prior work shows that a model that characterizes the interaction with a pattern, 

or spectrum, best representative of that interaction can account for slight variance in the 

location of the protein relative to the hot spot.26 To identify these spectral patterns, MCR 

was performed using a 4-component model and was determined sufficient for effectively 

separating the four unique interactions that were expected and explained 72.6% of the total 

variance. The loadings for the corresponding components as seen in Figure 3B strongly 

resemble the average SERS spectra of the average peptide-protein interactions. Additionally, 

as more components were loaded into the model, the variance explained did not substantially 

increase after 4 components (Figure S2)
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Peptide-Protein Discrimination

Scores were generated using each unique peptide integrin binding set. Scores were 

then plotted in star coordinate plots.47 Star coordinate plots, useful for two-dimensional 

representation of data greater than two dimensions, were used to visualize the specificity of 

each component to a specific interaction. These plots display data as a sum of vectors added 

together. Scores on component 1 were made to be the positive x component, while scores 

on component 3 were assigned to be negative x. Scores on component 2 were made to be 

the positive y component for the model, and component 4 were made to be the negative y 

component. This was to ensure similar peptides would be on opposite sides as to help ensure 

these components would not create confusion in the 2-dimensional space. The scores on all 

components were then added together, representing each acquired spectrum, to determine a 

2-dimensional coordinate position.

Scores for each of the four interaction components from the model in Figure 3B are plotted 

along a unique vector. The cyclic RGDfC - integrin αvβ3 interaction was placed on the +x 

axis and to ensure specificity the cyclic RGDfC - integrin α5β1 was placed on the -x axis of 

the star coordinate plot. The interactions of CDPGYIGSR with integrin α6β1 (+y) and α4β1 

(-y) completed the coordinate axes.

To determine if the models could effectively be used to distinguish the integrins after they 

bound to the peptide, spectra from the peptide with and without integrins were scored 

on the model generated previously. As seen in Figure 4A, cyclic RGDfC functionalized 

particles when bound with integrins αvβ3 and α5β1 nicely separate with most of the bound 

integrin αvβ3 scoring on component 1 and the bound integrin α5β1 scoring along the 

axis of component 3. The particles in the absence of the integrin cluster near the origin. 

Some of the spread in this plot can be attributed to a slightly weaker binding signal or a 

low intensity hot spot. In Figure 4B, a similar behavior is observed for the CDPGYIGSR 

functionalized particles. While the CDPGYIGSR functionalized particles score near the 

origin in the absence of integrin, their interaction with integrin α6β1 score on component 2 

and integrin α4β1 score on component 4. Some of the overlap present, especially between 

the Cyclic RGDfC – Integrin αvβ3 and CDPGYIGSR - integrin α6β1 interactions, can 

be understood due to the lack of aromatic amino acids present in the CDPGYIGSR – 

integrin α6β1 binding pocket and thus produces a less definitive SERS spectrum compared 

to the other interactions. This shows that SERS response can differentiate between different 

proteins binding to the peptides on the nanoparticles. This differentiation indicates SERS 

spectral data allows for the classification of the integrins without interference of the peptide 

confounding the signal, and despite the variance in hotspot formation and protein location 

within these hotspots.

To be able to correctly identify the interaction present in cells, as well as to ensure 

the specificity of the peptide -protein interactions, on-target interactions need to be 

distinguishable from each other. Using the same model as in Figure 3, a star coordinates 

plot was made for the 4 on target interactions (Figure 5A). Each targeted peptide-protein 

interaction scatters along a unique separate axis, indicating exclusivity from each other.
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To ensure that there are no off-target signatures that would affect identification of the 

peptide-protein interaction, CDPGYIGSR was incubated with integrins αvβ3 and α5β1 and 

cyclic RGDfC was incubated with integrins α4β1 and α6β1. As expected, Figure 5B shows 

that the scores from any off-target interactions that occur scatter randomly towards the center 

of the plotThis indicates poor scoring on all components of the model, and no consistent 

interaction. Most of the spectra taken of these off-target interactions showed no binding or 

spectral signal (Figure S5)

Spectral Analysis

By analyzing the structure of the RGD ligand with integrins αvβ3
48 and α5β1

49, spectral 

assignments were made for the corresponding average SERS spectra. Strong Raman 

scattering aromatic amino acids such as tyrosine, tryptophan, and phenylalanine largely 

dominate these signals. For integrin α5β1 peaks at 794 cm−1 (Tyr)38, 136838 and 1616 

cm−1 (Tyr, Trp)37,38,50 largely dominate the signal. For integrin αvβ3 the peaks at 1001 

cm−1 (Phe)37,38, and 1597 cm−1 (Phe)38 dominate. Analysis of the SERS corresponding 

cyclic RGD- integrin spectra was done by comparing them with their reported crystal 

structures48,49.With the YIGSR peptide and its corresponding interaction being less studied, 

it was assumed that amino acids within or near the binding site are represented in the 

corresponding spectra.

Signals from the integrin binding events include peaks that are different than those of the 

peptides used to target the integrins. Peaks at 611 cm−1 (Cys, Arg. C-C Twisting)38,51, 1360 

cm−1 (Trp)37,38,52,53, and 1642 cm−1 (Amide I)52 dominate for the α4β1 integrin binding. 

Meanwhile integrin α6β1 shows fewer spectral features although peaks at 1453 cm−1 (C-H 

bending in proteins)54 and 1575 cm−1 (Trp, His) are present38,55. Full peak assignments 

for the resulting average spectra of each peptide-protein interaction are included in Tables 

S1–S4.

Cellular Sorting

SW480 and SW620 are commonly used colorectal cancer cell lines that have been 

well studied in literature and have previously been shown to express binding to Cyclic 

RGDfC35,36. Using the peptide functionalized magnetic nanoparticles. It was found that 

for Cyclic RGDfC, the percentage of sorted cells were 16.8 ± 6.5% and 11.0 ± 4.0% 

for SW480 and SW620 cell populations respectively as shown in Figure 6A. Previous 

literature reports that SW480 cells have been shown to express more of the αv subunit 

than the SW620 cell line while both have comparable β3 expression.56 Also, it is has been 

previously reported that SW480 cells have shown higher expression when bound with a 

CD44+ antibody which has been shown to have a direct connection the Integrin α5β1.
57,58 

The differences observed based on peptide interaction based sorting are not statistically 

significant at the 95% confidence level. Furthermore, when these populations were instead 

incubated with CDPGYIGSR particles, the percentage of sorted cells 17.1 ± 4.9% and 12.7 

± 4.3% for SW480 and SW620 cells respectively as shown in Figure 6B. SW480 cells 

are reported to have equivalent α6 expression56,57,59 but increased β1 expression.56,59 Our 

results indicate the observed differences in the sorting of SW480 from SW620 cells are 

again not statistically significant. This is different from what was expected prior to the sort 
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as the integrin expression for these two cell lines is reported to be different.56 However, the 

fact that a population is being sorted suggests that the sort might be based on more than just 

the presence of the integrin protein, and that there might be some underlying biology that 

could be explored further.

Dark field images and Raman maps were taken for each sorted population of cells fixed with 

4% paraformaldehyde. The Pearson correlation coefficient was calculated for each pixel 

in the map comparing the observed spectra to the generated MCR components. Figure 7 

shows the Pearson correlation map for MCR component 1 and one of the highly correlated 

spots from a positively sorted SW620 cell with the Cyclic RGDfC peptide functionalized 

nanoparticles. When this component is compared to a cell from the negatively sorted 

population, there appears to be no particles present and thus confirming no binding to 

the cell as expected. Only the positive cells seem to show any correlation or presence of 

particles, indicating a binding event occurs. Visual comparison of the spectrum (Figure 7C) 

shows the agreement with the MCR component associated with the binding interaction. To 

ensure there were no other off-target interactions, Pearson correlation maps were generated 

for the positive and negative sorted cells against each MCR component from off-target 

integrins (Figure S6–S7). Similarly, for the cyclic RGDfC sorted cells, the SW620 cell line 

Raman maps show differences in binding between the positive and negative cell populations 

when sorted with the CDPGYIGSR functionalized nanoparticles (Figure 8). The Raman 

maps with the CDPGYIGSR functionalized nanoparticles also correlate to the expected 

interactions as previously discussed, indicating that the SERS spectrum can be used to 

differentiate the binding responsible for different peptide-based cell sorting (Figure S8–S9). 

Maps were also taken of the SW480 cell line and show similar binding behavior to the 

SW620 cell line. Again, negative and positive sort populations can be differentiated by the 

expected binding interactions (Figure S10–S13). It should be noted unbound particles were 

also present on both the slides for the positive and negative populations suggesting the 

number of particles used per cell was in excess and not limiting. Continued investigations 

may further elucidate differences in receptor expression that regulates the differences in 

cellular populations sorted and the underlying biology of the sorted populations.

Conclusion

In conclusion, gold coated magnetic nanoparticles were functionalized with ECM 

peptide mimics (cyclic RGDfC and CDPGYIGSR), to act as biorecognition agents for 

specific integrin proteins. SERS, zeta potential, and extinction measurements confirm 

functionalization of the peptides onto the nanoparticles. The functionalized nanoparticles 

were then incubated with various integrins that would be present in a cell in situ. 

Corresponding label free SERS signals were then shown to be specific and were used 

to differentiate between on-target interactions as well as showing nonspecific binding 

from off-target interactions. The developed probe and corresponding signals will be 

useful in potential cellular sorting of heterogeneous cell populations that interact with the 

extracellular matrix. This also provides a fast, nondestructive method for confirming the 

presence of integrins in a cellular population. Furthermore, cellular sorting was performed 

using both peptides on SW620 and SW480 cancer cells showing the particles may be useful 

for potential cellular sorting after further optimization.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Average SERS signals from baselined and normalized SERS spectra of Au nanoparticles 

and Cyclic RGDfC nanoparticles with shaded standard deviations (B) Average SERS 

signals from baselined and normalized SERS spectra of Au nanoparticles and CDPGYIGSR 

nanoparticles with shaded standard. Spectra were normalized to the most intense peak.
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Figure 2: 
(A) Zeta potential measurements of bare and cyclic RGDfC functionalized nanoparticles 

above and below the isoelectric point of the peptide (B) Zeta potential measurements of bare 

and CDPGYIGSR nanoparticles above and below the isoelectric point of the peptide. *** 

denotes p-value < 0.01.
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Figure 3. 
(A) Normalized and average SERS spectra with standard deviations of Au nanoparticles 

functionalized with cyclo – RGDfC - Integrin αvβ3, cyclo – RGDfC - Integrin α5β1, 

CDPGYIGSR - Integrin α4β1 and CDPGYIGSR- Integrin α6β1 and shaded standard 

deviations (B) Loadings for 4 component MCR model generated from peptide protein 

interaction on nanoparticles.
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Figure 4. 
(A) Star coordinates plot of expected Integrin interactions with component 1 scores set at 

+X, component 2 scores set as +y, component 3 scores set as –x and component 4 scores set 

as –y for cyclic RGDfC. (B) Star coordinates plot for CDPGYIGSR and expected binding 

integrins.
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Figure 5. 
(A) Star Coordinates plot of expected Integrin interactions with component 1 scores set at 

+X, component 2 scores set as +y, component 3 scores set as –x and component 4 scores set 

as –y. (B) Star coordinates plot for all off target interactions with peptides and integrins
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Figure 6. 
(A) Percentage of cells sorted of SW480 (n=5) and SW620 (n=6) colorectal cancer 

cells with standard deviation bars using Cyclic RGDfC functionalized nanoparticles. (B) 

Percentage of SW480 (n = 4) and SW620 (n=7) colorectal cancer cells sorted with 

CDPGYIGSR functionalized nanoparticles.
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Figure 7. 
A) Dark field image of a positively sorted SW620 cell with Cyclic RGDfC peptide 

functionalized nanoparticles. B) Pearson Correlation Map for Cyclic RGDfC – Integrin αvβ3 

assigned component in the positively sorted cell. C) Spectra from a high scoring spot on the 

Pearson Correlation map. D) Dark field image of a negatively sorted SW620 cell with Cyclic 

RGDfC peptide functionalize nanoparticles. E) Pearson Correlation Map for Cyclic RGDfC 

– Integrin αvβ3 assigned component in the negatively sorted cell. F) Pearson Correlation 

Map for Cyclic RGDfC – Integrin α5β1 assigned component in the negatively sorted cell.
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Figure 8. 
A) Dark field image of a positively sorted SW620 cell with CDPGYIGSR peptide 

functionalized nanoparticles. B) Pearson Correlation Map for CDPGYIGSR – Integrin α6β1 

assigned component in the positively sorted cell. C) Spectrum from a high scoring point 

in the Pearson Correlation map. D) Dark field image of a negatively sorted SW620 cell 

with CDPGYIGSR peptide functionalized nanoparticles. E) Pearson Correlation Map for 

CDPGYIGSR – Integrin α6β1 assigned component in the negatively sorted cell. F) Pearson 

Correlation Map for CDPGYIGSR – Integrin α4β1 assigned component in the negatively 

sorted cell.
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