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Abstract: Surface Plasmon Resonance (SPR) technology, as a powerful analytical tool, plays a crucial role in the preparation,
performance evaluation, and biomedical applications of nanoparticles due to its real-time, label-free, and highly sensitive detection
capabilities. In the nanoparticle preparation process, SPR technology can monitor synthesis reactions and surface modifications in real-
time, optimizing preparation techniques and conditions. SPR enables precise measurement of interactions between nanoparticles and
biomolecules, including binding affinities and kinetic parameters, thereby assessing nanoparticle performance. In biomedical applica-
tions, SPR technology is extensively used in the study of drug delivery systems, biomarker detection for disease diagnosis, and
nanoparticle-biomolecule interactions. This paper reviews the latest advancements in SPR technology for nanoparticle preparation,
performance evaluation, and biomedical applications, discussing its advantages and challenges in biomedical applications, and
forecasting future development directions.
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Introduction

Nanomedicine represents the utilization of nanotechnology in the medical field, with the goal of innovating diagnostic,
therapeutic, and preventive approaches to enhance treatment efficacy and precision. Nanomedicine research focuses on
the development, properties, and medical applications of nanoparticle materials. Several therapeutics for cancer, pain and
infectious diseases have been successfully developed based on nanoparticles (particles with size range from 1 nm to 1000
nm)," including metal nanoparticles, lipid-based nanoparticles, as well as polymeric nanoparticles.'* Nanoparticles have
been frequently studied for application in various medical setting, including drug delivery,” targeted therapy,®’ imaging
enhancement,® and early detection of disease.” To construct effective nanoparticle systems for biomedical applications,
the nanoparticle surface characteristics and the interactions with biological systems need to be thoroughly characterized
and tested. To analyze interactions between biomolecules, various methods have been developed. Electrophoretic
mobility shift assays (EMSA) and co-immunoprecipitation (ColP), however, are complex and prone to errors.'’
Techniques like enzyme-linked immunosorbent assays (ELISA), fluorescence resonance energy transfer (FRET), and
microscale thermophoresis (MST) require labeling, which may affect molecular activity.'""'* Although isothermal
titration calorimetry (ITC) can be used for label-free evaluation of binding affinity, it requires large sample volumes
and is unsuitable for monitoring interactions in small samples. SPR is an optical detection method that measures changes

in the refractive index near the surface of a material film coated on a glass substrate. These changes indicate molecular
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interactions occurring at the surface. As a label-free optical technology, SPR detects interactions based on changes in
refractive index, reducing potential interference and allowing accurate assessment of binding properties.'* SPR technol-
ogy can provide detailed characterization of the surface functionalization of nanoparticles and allow observation of
interactions between nanoparticles and biomolecules for studying the behavior and mechanisms of nanoparticles within
biological systems. SPR can detect extremely low concentrations of biomolecules, providing precise data and reliable
results when investigating interactions between nanoparticles and target molecules (such as proteins, DNA, RNA, etc).
Therefore, SPR technology plays an indispensable role in the research of biomedical nanoparticles.

SPR, serving as a technique for the rapid screening of molecular interactions, holds tremendous potential in aiding the
research and development of nanoparticles as drug delivery systems and nanomedical diagnostic devices. In recent years,
SPR technology has rapidly advanced, with a focus on the development and construction of novel biosensor chips.'*!>
Customized biosensors have been created for qualitative and quantitative measurements in both artificial and real
samples, yielding results consistent with the gold standard method of liquid chromatography-tandem mass spectrometry
(LC-MS/MS)."®!7 The construction of high-throughput microplate biosensors based on 3D nanocup array structures
enables high-throughput screening, reducing costs and increasing speed. The integration of nanomaterial-enhanced
particles amplifies detection signals, significantly improving sensitivity and making the process more convenient,
sensitive, and efficient than traditional ELISA."® Additionally, incorporating two-dimensional materials such as graphene,
transition metal dichalcogenides (TMDCs), MXene, black phosphorus (BP), metal-organic frameworks (MOFs), and
antimonene into sensors can substantially enhance their sensitivity and detection performance.'®' The use of optical
fiber sensing probes with PAN nanofiber membranes and gold nanofilm composite sensitive membranes allows for high
sensitivity and selectivity in detection.”? Furthermore, the combination of alternating current (AC) effects and surface
plasmon resonance (SPR) in rapid, high-sensitivity biosensors integrates AC electro-osmosis (ACEO) and dielectrophor-
esis (DEP) phenomena within the SPR biomarker sensing region, improving the efficiency of target analyte collection.?

In this review, we provide an overview of the SPR technology applied in the biomedical field, including nanoparticle
characterization, drug development, binding properties, as well as extensive application, as shown in Figure 1. The aim is
to promote a more precise and extensive application of SPR technology, thereby advancing research, therapeutics, and
diagnostic devices based on nanoparticles.

SPR Equipment and Working Principles

SPR devices consist of three primary components: an optical detection system, sensor chips, and a microfluidic system.
Figure 2 shows the main components of SPR instrument. The optical detection system is utilized to detect changes in
refractive index near the surface of sensor chips. During molecular interactions, binding between molecules alters the
refractive index, causing a proportional shift in incident light angle relative to the mass of bound molecules, enabling
sensitive detection of molecular interactions. Sensor chips interact with samples through surface-modified functional
groups and detect resonance changes using an external light source. Interaction between sensor chips and samples occurs
through methods such as covalent attachment, high-affinity capture, and hydrophobic adsorption, tailored according to
specific application needs. The microfluidic system precisely delivers buffer solutions and samples to ensure their
uniform distribution on the sensor chip, thereby enhancing detection sensitivity. The refractive index sensing mode is
the most commonly used SPR detection mode. It detects the binding or reaction events of biomolecules by monitoring
the refractive index changes on the surface of the sensing layer. With the development of SPR technology, various SPR
detection modes have been developed to meet specific application needs.?* The spectral interrogation mode analyzes the
interactions between biomolecules and the sensing layer by detecting the wavelength or frequency changes of the SPR
signal.>>*® The angle scanning mode determines the binding situation of biomolecules to the sensing layer by adjusting
the incident light angle to detect the maximum change in the SPR signal.?’*® The polarization interrogation mode studies
the directional binding and orientation of biomolecules on the sensing layer by changing the polarization state of the
incident light.**' Additionally, the time scanning mode monitors the SPR signal changes over time and is used for
dynamic studies of the binding and release kinetics of biomolecules.*? These different SPR detection modes have broad
applications in biomedical research and applications, providing detailed information on biomolecular interactions,
binding kinetics, and the interactions between nanoparticles and biological systems.
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Figure | SPR technology applied in the biomedical field, including nanoparticle characterization, drug development, binding properties and extensive application.

SPR in Nanoparticle Research for Biomedical Application

SPR technology has become a pivotal tool in the nanoparticle research for biomedical applications. SPR aids in
elucidating molecular interactions at the nanoscale, providing deep insights into fundamental biological processes and
promoting the development of new therapies. The technology enables real-time, label-free monitoring of molecular
interactions, which is crucial for understanding the mechanisms of drug delivery systems. SPR-enhanced sensors have
revolutionized biosensing technology by detecting trace amounts of biological substances, thereby supporting rapid and
accurate diagnostics. SPR offers unparalleled sensitivity and specificity for the detection of biomolecules, making it
indispensable for early disease diagnosis. The SPR technology applied in nanoparticle studies is summarized in Table 1.

Characterization of Nanoparticles Properties

Size of Nanoparticles

The diameter of nanoparticle carriers plays a pivotal role in pharmacokinetics, as their size determines the potential to
traverse biological barriers within the body. SPR technology can detect the size of nanoparticles by measuring the affinity
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Figure 2 The main components of SPR instrument. (A) Optical module of SPR: The change of refractive index causes the angle shift from 61 to 62. (B) Signal collection
system: signals collected at different binding stages. (C) Schematic of microfluidic system, arrows indicate the direction of fluid flow through the system.

between substances and optimize their diameter. For example, biotin and streptavidin (with Kp, values of 1x10"'> M and
1x107"% M, respectively), as well as antigen and antibody interactions (with Kp, values of 1x10'> M and 1x10™° M), are
recognized for their high affinity. By labeling silicon nanoparticles of different diameters (50, 100, and 200 nm) with
biotin and flowing them over a chip surface coated with streptavidin using a single-cycle kinetics method, then
comparing them with positive Kp values, nanoparticles of sizes more conducive to intermolecular interactions can be
screened. This methodology facilitates the selection of nanoparticle sizes that optimize biological interactions, thereby
enhancing the efficacy of nanoparticle-based drug delivery systems.®*

Composition of Nanoparticles
SPR can also screen for the optimal components of liposomal nanoparticles based on affinity comparison. In the study of
amyloid-beta (AP) peptides as potential targets for Alzheimer’s disease (AD) treatment,®® by immobilizing Ap1-42 fibrils
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Table 1 Summary of SPR Technology Applied in the Nanoparticle Studies
Nanoparticles Type Analyte Immobilized Agent Application References
Liposomes Different composed liposomes AB1-42 fibrils Properties characterization [33]
Liposomes PEGs liposome HSA, ApoE, a2-M, B2-G, | Properties characterization [34]
Fn
Liposome Glucose Glucose-imprinted Drug Development and Screening [35]
liposomes
Liposome PEG-Liposome, RGD-Liposome, TH- Integrin avf3 Drug Development and Screening [36]
Liposome
Liposomes bFGF, bFGFp-liposome, bFGFp- FGFRI Drug binding properties [37]
liposome + bFGF
Liposomes Anti-MUC- | - Temperature-sensitive Scrambled MUC-1 Drug binding properties [38]
liposomes
Liposomes Anti-ephrin A2- Liposomes Ephrin A2 extracellular Drug binding properties [39]
domain
Liposomes PEGylated liposomes G-CSF, FVIII, FVlla Drug binding properties [40]
Liposome hCD40L + peptide CD40 Drug binding properties [41]
Liposome Cyclic RGD motifs-liposomes Melanoma B16 and MCF- | Mechanism of drug therapy [42]
7 cells
Liposomes Cationic liposomes S. mutans biofilm Mechanism of drug therapy [43]
Liposomes BsmAb hMN14x734 Types of liposomes Properties characterization [44]
Liposome Nex-1 Different liposomes Drug Development and Screening [45]
Liposome Etx Different liposomes Drug Development and Screening [46]
Liposome Salmeterol and propranolol Liposome Mechanism of drug therapy [47]
Liposome Sulfated 3-O-octadecyl-(1—#6)-0-D- Liposome Mechanism of drug therapy [48,49]
glucopyranan, sulfated alkyl
maltoheptaoside
Liposome Detergent Liposome Mechanism of drug therapy [50]
Liposome NRG I+ ErbB4-coated liposomes Biotin Anti-lgG-Fc Extension Applications [51]
Liposome sfGFP-ANXY, ANXYV, sfGFP Phospholipid liposomes Extension Applications [52]
Liposome OptoPB, V416 variants POPC liposomes Extension Applications [53]
Liposomes and lipid Anti-CD163 antibody- Liposomes, CDl163 Drug binding properties [54,55]
nanoparticle Anti-CD163 antibody lipid nanoparticle
Lipid nanoparticle Anti-HB-EGF-modified LNP-siRNA rhHB-EGF Drug binding properties [56]
Lipid Nanoparticle HA- Lipid Nanoparticle CD44-Fc chimera Properties characterization [57]
Liposome membranes Cry4Ba-DIII truncate Liposome membranes Drug binding properties [58]
Cry4Ba full-length toxin
Nanoliposomes Curcumin-nanoliposomes AB1-42 monomers or Properties characterization [59]
fibrils
SMA liposomes Potential P-gp inhibitor SMALPs-MCF-7, SMALPs | Extension Applications [60]
MCF-7/ADR
Lipid Salipro nanoparticles Carbenoxolone, spironolactone, His/Biotin-Salipro-empty, | Extension Applications [61]
benzoylbenzoyl-ATP His/Biotin-Salipro-
mPANXI
Exosomes Rituximab obinutuzumab CD20 exosome Extension Applications [62]
Exosomes InP/ZnS-AB + EBC-derived EVs Goat anti-Mouse IgG| Extension Applications [63]
Engineered exosome PD [ -exosome PDLI Drug Development and Screening [64]
Polycationic Albumin HAS, lipopolysaccharides HSA and PEG (2000)18- | Properties characterization [65]
Nanoparticles cHSA
Molecularly imprinted Andarine, Ligandrol, RAD-140 Different SARMs Extension Applications [66]
nanoparticles nanoMIPs.
PAMAM-based nanoparticles | Folic acid- PAMAM-based nanoparticles | Folic Binding Protein Properties characterization [67]
MIP nanoparticles Trypsin-specific MIP nanoparticles Trypsin Properties characterization [68]
(Continued)
International Journal of Nanomedicine 2024:19 https: 7053


https://www.dovepress.com
https://www.dovepress.com

Zhang et al

Dove

Table | (Continued).

Nanoparticles Type Analyte Immobilized Agent Application References

Spike trimer-ferritin fusion Sera of mice S-2P and RBD Drug Development and Screening [69]

recombinant protein

nanoparticle

Kappa spike and RBD SARS-CoV-2 BA.l, BA.2 RBD protein K-RBD chAbs Drug Development and Screening [70]

mRNA-LNP

N-SI protein double-layered | Soluble S| protein, N-SI PNp ACE2-His Drug Development and Screening [71]

nanoparticle

Mosaic receptor-binding Mosaic_RBD-NP hACE2 Drug Development and Screening [72]

domain (RBD) nanoparticle

Polypeptide-based Nanoparticles Self-assembling Bacterial cells Mechanism of drug therapy [73]

nanoparticles polymers

Adamantane derivatives self- | SNPs Biotinylated melittin Drug Development and Screening [74]

assembled nanoparticles

Chitosan nanoparticles Transferrin-modified chitosan His-tagged Transferrin Drug binding properties [75]
nanoparticles receptor

Protein nanoparticle Albumin peptides, Bevacizumab, Rituximab, albumin Drug binding properties [76,77]
Rituximab, and Trastuzumab peptides

Gd-chelated polysiloxane AGuIX NPs, AGulX@AI12 VHH, PD-LI and CD47 Extension Applications [78]

nanoparticles AGuIX@A4 VHH

rPAA-Chol nanoparticles rPAA-Chol nanoparticles Liposomes Mechanism of drug therapy [79]

Nanobody aSA3 and aRBD-2 RBD Drug binding properties [80]

PFC nanoparticles NBD-Linker PFC nanoparticle Mechanism of drug therapy [81]

Biotin-FNPs PSA + Ab2-SA-biotin-FNP Abl Extension Applications [82]

HA-PEl-coated ECH-Zn ECH-Zn STAT2, MDM2, STAT2°®° | Drug binding properties [83]

(PPzn) 750 GTAT2A600-750

Silica nanoparticles Biotinylated- silica nanoparticles Streptavidin Properties characterization [84]

AuNPs, silica NPs SAgs +anti-SEG Abs coupled Purified antibodies Extension Applications [85]
nanoparticles

and comparing the specific binding of different component liposomes to amyloid-beta (Ap), it was found that liposomes
embedded with 5% or 20% phosphatidic acid (PA) and liposomes with 5% or 20% cardiolipin (CL) have nanomolar-level
affinity with AB1-42 fibrils, compared to pure liposomes. This confirms that PA and CL could be the best candidate
headgroup components for AB1-42. This demonstrates the utility of SPR in identifying and optimizing nanoparticle
formulations for targeted therapeutic applications, highlighting its potential in advancing treatment strategies for diseases
like AD.*

Surface Modification of Nanoparticles
SPR technology can also be used to detect chemical modifications or functionalization on the surface of nanoparticles. It

3467 molecular weight,57 and location of surface modifications,** as

enables the screening for the presence,®” quantity,
well as characterizing the structure of the modifiers.”® For example, to obtain the most effective polyethylene glycolated
(PEGylated) liposomes for monoclonal bispecific antibodies (BsmAb, anti-CEA (carcino-embryonic antigen) X anti-
DTPA-In (diethylenetriaminepentaacetic acid-indium)), Rauscher et al conducted optimizations. They optimized the
liposomal nanoparticles by adjusting the length and concentration of PEG chains, as well as the position of hapten
modifications. These differently modified liposomes were immobilized on an L1 chip, and diluted BsmAb was injected
from low to high concentrations in a multi-cycle kinetic mode, eventually fitting the Kp values with different modified
liposomes. The results indicated that when the DTPA-In hapten was coupled to the end of the PEG chain (DSPE-PEG-
DTPA), it exhibited the best affinity (Kp = 6.3 nM). This demonstrates SPR’s capability in fine-tuning the functionaliza-
tion of nanoparticle surfaces to enhance their interaction with specific targets, providing a crucial tool for optimizing
nanomedicine formulations.**

7054

Dove!

International Journal of Nanomedicine 2024:19


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

Stability of Nanoparticles

SPR technology can be used to assess the stability and consistency of nanoparticles under different treatment conditions.
Biomaterials often utilize lyophilization and sterilization as the most common methods of storage. To evaluate the impact
of lyophilization and sterilization on the recognition characteristics and stability of Nanoparticles (NPs), SPR assessed
the interaction between molecularly imprinted polymer nanoparticles (MIP NPs) and trypsin before treatment (Kp=15.8
nM), and then with MIP NPs after lyophilization (Kp=7.1 nM, Chi® = 1x10°) and after sterilization (Kp = 12.2 nM, Chi?
=2.3x10"%). The results showed that lyophilization and sterilization treatments did not affect the activity of the MIP NPs,
indicating that harsh conditions (lyophilization and sterilization) are suitable for the long-term storage of MIP NPs.%®
This demonstrates the utility of SPR in ensuring the viability of nanoparticle-based technologies through storage and
handling processes.

Drug Development and Screening

Drug development is a complex scientific process aimed at discovering, designing, testing, and promoting new medica-
tions for treating and alleviating symptoms of diseases. Given the rapid transmissibility and significant pathogenicity of
SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2), there is an urgent need to develop a broad-spectrum
medication that can prevent upper respiratory infections. Particularly, the rapid mutation of SARS-CoV-2 challenges the
effectiveness of some antibody medications, while vaccines based on nanoparticles show great potential to overcome the
limitations of existing vaccine technologies. The global scientific community is engaged in the development of
nanoparticle medications against COVID-19 (Coronavirus Disease 2019) constructing stable immune platforms through

69,87

the rapid screening process of SPR technology, and developing various nanoparticle immunotherapeutics aimed at

eliciting stronger immune responses in the body, prompting the production of a large number of neutralizing antibodies to
resist viral invasion.”"’?

In the field of cancer treatment, although immune checkpoint therapies have enabled long-term remission and
prevented the clinical recurrence of cancer symptoms in some patients, more than half of the patients have failed to
effectively respond to this therapy due to immune exhaustion. This study proposes an innovative genetically engineered
exosome strategy, which involves engineering the PD1 (Programmed death-1) gene and encapsulating the immune
adjuvant imiquimod (PD1-Imi Exo). Through SPR experiments, PD1 Exo demonstrated significant high affinity with
PDL1 (Programmed death-ligand 1) protein and was found to effectively reverse T-cell exhaustion, providing new
insights and strategies for preventing postoperative tumor recurrence or metastasis.®*

Drug screening is a critical process for assessing the efficacy and safety of potential drug candidates in treating
specific diseases, essential for evaluating drug synthesis to ensure the most promising candidates can further be
developed into effective medications. Nanoparticles are often used as drug delivery systems to improve the pharmaco-
kinetics and biodistribution of drugs and reduce their toxicity.*® In the pursuit of efficient nanoparticle drug discovery,
SPR technology has demonstrated its irreplaceable value. For instance, to rapidly discover effective inhibitors of melittin,
researchers utilized a system of self-assembling nanoparticles (SNPs) formed by cyclodextrin polymers and adamantane
derivatives. They immobilized biotinylated melittin on a chip surface containing avidin and rapidly screened eight self-
assembling nanoparticles from a candidate drug library that could bind and neutralize the toxicity of melittin using SPR
technology.”* This step not only expedited the discovery process of inhibitors but also enhanced the precision of the
screening process. Furthermore, the application of SPR technology extends to developing clinically useful, long-term
implantable, self-regulating insulin delivery systems. By incorporating amino acid derivatives (dihexadecyl-glutamate-
glutamine (DHD-glu-gln), dihexadecyl-glutamate-asparagine (DHD-glu-asn), dihexadecyl-glutamate-glutamic acid
(DHD-glu-glu)) into liposomes, molecules sensitive to glucose were formed. Facing the challenge of rapidly screening
the most effective formulations, the authors used SPR technology to immobilize the amino acid derivatives and their
liposomes on an L1 chip. They collected and compared signal changes for each sample with a glucose solution. This
method allowed researchers to qualitatively assess the binding affinity of amino acid derivative liposomes as glucose-

sensitive molecules, providing a scientific basis for the rapid development of insulin delivery systems.*>
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Moreover, SPR technology can be used for the screening of interaction conditions between two molecules, allowing
the evaluation of nanoparticles’ affinity with target molecules under varying pH and calcium ion concentrations,>®4>-4¢-8
as well as other environmental conditions. This enables rapid determination of which conditions are more conducive to
interactions between substances. These applications of SPR contribute to a deeper understanding of the interactions
between drugs and biomolecules and the development of new therapeutic strategies.

In summary, SPR technology holds significant promise in drug development and screening due to its real-time, label-
free analysis of molecular interactions.'®® SPR facilitates the rapid high-throughput screening of extensive libraries of
drug candidates by immobilizing target molecules on the sensor surface and measuring binding interactions simulta-
neously, thus accelerating early-stage drug discovery.'®°° This technology also provides detailed kinetic information for
understanding binding mechanisms and selecting candidates with optimal characteristics.”’ The real-time monitoring
capability of SPR allows researchers to observe dynamic processes and transient interactions that might be missed by
endpoint assays, providing valuable insights into the temporal aspects of drug binding and efficacy.”*"> Moreover, SPR
aids in optimizing lead compounds by analyzing the binding interactions of various analogs and derivatives, helping
identify structural features that enhance binding affinity and specificity.”* It also supports biophysical characterization,
such as binding stoichiometry and conformational changes, offering insights into the mechanism of action and predicting
potential off-target effects.”>”® SPR technology can be integrated with other analytical techniques, such as mass
spectrometry or nuclear magnetic resonance (NMR), to provide complementary data for a comprehensive understanding
of drug interactions and the development of multi-target therapies.”””® In personalized medicine, SPR can screen patient-
specific biomolecules to identify the most effective therapeutic agents, tailoring treatments based on individual molecular
profiles and contributing to more effective healthcare solutions.”

Exploring Drug Binding Properties

SPR technology is also utilized in the study of drug binding characteristics of nanoparticle medicines, playing a crucial
role in revealing drug targeting mechanisms, identifying drug binding sites, exploring drug binding properties, and
analyzing epitope competition between drugs. This capability not only facilitates the discovery and development of new
drugs but also provides precise molecular insights for drug design.

Targeting
NPs as drug delivery systems aim to transport drugs to desired biological targets, making the targeting ability of NPs
crucial for accurate drug delivery. SPR technology has been widely applied to characterize the targeting functionality of

NPs. Typically, this involves coupling target molecules to the sensor chip, then using targeted molecules or drugs with

56,100

targeting modifications, ultimately predicting the in vivo targeting of the drug based on the strength of affinity. The

active targeting of NPs relies on targeting molecules modified on the NPs surface. These targeting molecules are often

ligands for receptors at target sites within the body,>”">10!-102

38,39,54,55

as well as antigens or antibodies in antigen-antibody
pairs, utilizing their specific binding to achieve targeted in vivo delivery of nanoparticle drugs.

Binding Sites

Researchers have utilized SPR technology to identify specific binding sequences of blood proteins that interact with
polyethylene glycol-modified liposomes (PEGLip). By immobilizing purified proteins on a chip and conducting SPR
analysis with PEGLip, it was discovered that proteins binding to PEGLip share a specific amino acid sequence of 8
residues (S/T-X-L/V-1/Q/S-S/Q/Q/T/Q-X-X-E). Peptides containing this sequence were synthesized, and their binding
affinity to PEGLip (Kp=2.3 nM) was found to be very close to that of the full-length proteins. This confirmed that short
sequences containing specific amino acids are sufficient for binding to PEGLip.*’

To further explore drug characteristics and binding mechanisms, Nevala et al developed an antibody-targeted
nanoparticle chemotherapy delivery strategy. This strategy involves non-covalently attaching Rituximab (targeting
CD20) to an albumin-bound paclitaxel (ABX) scaffold, aiming for targeted recognition of tumors. To determine the
precise binding sites and regions between Rituximab and the ABX albumin scaffold, the research team utilized SPR.
A library of albumin peptides containing 18 amino acids was covalently fixed on the chip, identifying peptide 40 that
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binds to Rituximab, located in the Sudlow II hydrophobic binding domain of albumin.”® Conversely, to explore the
binding sites of albumin on different anti-CD20 antibodies, peptide 40 was used as the immobilized ligand, and different
concentrations of Bevacizumab peptides were screened through SPR, revealing the CDR H3 loop of the Fab region as the
shared binding domain for Bevacizumab, Rituximab, and Trastuzumab.”” These findings not only determined the binding
sites of monoclonal antibodies on albumin but also identified the binding regions of albumin on various monoclonal
antibodies, providing solid theoretical support for precise drug design.

SPR technology was utilized to elucidate the mechanism through which PPZn nanoparticles (HA-PEI (hyaluronic
acid/poly(ethylenimine))-coated ECH-Zn (echinacoside-zinc)) exert their antiglycation effect by regulating RAGE
(Advanced glycosylation end product-specific receptor) via MDM?2 (mouse double minute 2) and STAT2 (Signal
transducer and activator of transcription 2).%* SPR experiments revealed that ECH-Zn binds directly to STAT2 in
a concentration-dependent manner, with no significant affinity observed between ECH-Zn and MDM2. To further
validate the binding region of ECH-Zn with STAT2, truncated protein experiments involving STAT2°%°"" and
STAT240%775% were conducted. The results indicated that ECH-Zn interacts with STAT2°°°77°°  but loses activity
towards STAT22%%°"75% This suggests that ECH-Zn achieves its antiglycation effect by binding to STAT2%°° 7%, thereby
blocking the interaction between STAT2 and MDM2 and reducing the activation of RAGE.

In research exploring insecticidal mechanisms, SPR technology was employed to detect the interaction between Cry
toxins and lipid nanoparticles, thereby identifying the role of protein functional domains.”® Researchers focused on the
DIII truncated protein of the Cry toxin and found through SPR that both the Cry4Ba-DIII truncation and its full-length
protein could tightly bind to liposomes immobilized on an L1 chip. To further investigate their mechanism of action,
a protease K digestion SPR experiment was conducted. During the dissociation phase, under the action of protease
K digestion, the binding strength of Cry4Ba-DIII and the full-length toxin was reduced compared to bovine serum
albumin (BSA), but still remained at a higher level (Figure 3). This indicates that parts of these proteins indeed embed
into the lipid layer interior, thus avoiding digestion by protease K. This experiment not only confirmed the crucial role of
the Cry4Ba-DIII truncation in cell membrane insertion and target recognition but also showcased the application value of
SPR technology in analyzing the interaction between lipid nanoparticles and proteins and determining protein functional

domains. It provides profound insights into understanding complex biological interactions.

Proteinase K
injection

fffff

Response Units (RU)

Time (s)

Figure 3 Real-time Sensorgram obtained from a proteinase K protection assay with Sample (red) and BSA (green). The injection of proteinase K into individual membrane-
associated proteins is indicated by arrows. Horizontal arrows show the resonance unit (RU) values at the start and end of the proteinase K injection phase.
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Binding Epitopes

Beyond analyzing interactions between two molecules, the flexibility of SPR technology extends to detecting interactions
among three molecules, which is crucial for unveiling complex binding mechanisms. In research exploring interactions
among three molecules, SPR technology can be used to identify different binding epitopes (Figure 4).

In the development of COVID-19 antibody drugs, SPR technology has been successfully applied to ascertain whether
bispecific antibodies can specifically bind to different epitopes of the receptor-binding domain (RBD) of SARS-CoV-2
(SARS2).% Researchers immobilized SARS2 RBD on a CM5 chip, first introducing the aSA3 antibody to observe its
binding with RBD. Upon introducing a mixture of aSA3 and aRBD-2, a significant increase in signal was detected,
clearly indicating that the two antibodies bind to different regions of the RBD rather than competing for the same binding
site. This not only confirms the bispecific binding characteristics of aSA3 and aRBD-2 on nanoparticles but also
highlights SPR as a powerful in vitro tool for analyzing the binding epitopes of antibody-target protein interactions,
underscoring its application potential in antibody research and development.

Surface Competition
In the study of competitive interactions, SPR also offers significant advantages. Taking CD40L (Cluster of
Differentiation 40-Ligand) as an example, this protein is a key target for the treatment of autoimmune diseases. The
interaction between CD40L and CD40 has been extensively studied with the aim of developing antibodies or other
molecules that can interrupt this interaction for therapeutic purposes. To construct peptide ligands as blockers, Ding et al
utilized the crystal structure information of CD40L and molecular docking techniques to design six peptide ligands with
high specificity for binding to CD40L. By conducting competition binding experiments using SPR technology, with
CDA40 immobilized on the chip and mixing hCD40L with various peptide ligands, they measured the competitive binding
situation of hCD40L with these peptide ligands, identifying peptide ligands that could efficiently block the interaction
between CD40 and CD40L.*' Subsequently, using the identified ligands, liposomes loaded with the cell-inhibitory drug
methotrexate (MTX) were modified, which was found to significantly improve clinical scores. This method not only
identified peptide ligands with the best competitive effect but also highlighted how SPR provides crucial experimental
evidence for drug design and optimization targeting specific disease markers.

SPR technology offers significant promise for studying drug binding properties due to its capacity for real-time, label-
free analysis of molecular interactions.'®'% This technology allows for precise measurement of binding kinetics,

Sample A

No Sample

Sample A+Sample B
(1:1)

Response Units (RU)

v

Time (s)

Figure 4 Fixation of target protein on a CM5 chip via SPR to observe the binding of Sample A and Sample B to target protein. Initially, Sample A is injected for 120 seconds,
followed by the injection of a I:l mixture of Sample A and Sample B for 120 seconds to observe to different binding epitopes.

7058  rees International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

including association and dissociation rates, and affinity constants, providing detailed insights into the binding mechan-
isms of potential drugs.> SPR’s high sensitivity and versatility enable the study of a diverse range of interactions, such as
protein-protein, protein-DNA, and protein-small molecule interactions.””'® This makes it an invaluable tool for
optimizing drug candidates by identifying those with optimal binding characteristics, understanding their biophysical

properties, and observing dynamic and transient interactions that are often missed by traditional methods.'%*'%”

Investigating the Mechanism of Drug Therapy

The bioavailability of a drug significantly depends on its solubility in cell membranes, and predicting or quantifying this
characteristic is crucial for precise drug design. In the study of nanoparticle drug release processes, the application of
SPR technology can directly immobilize biological cells on the chip surface to simulate an in vitro environment for
exploring the interactions between nanoparticle drugs and cell membranes, as well as drug release mechanisms. For
instance, Guo et al covalently attached cell surface proteins from B16 and MCF-7 tumor cells to the sensor chip,
successfully simulating the direct interaction between nanoparticle drugs and cell membranes. By injecting liposomes
modified with different structures of RGD peptides, researchers were able to accurately assess the interaction strength
between various liposomes and tumor cell membranes.**

Furthermore, the stable binding was observed between nanoparticles and bacterial cell membranes by directly
immobilizing bacterial cells on a gold sensor chip. They confirmed that nanoparticles have a stronger affinity to adhere
to bacterial surfaces than traditional antibiotics and are difficult to wash off. This allows them to penetrate membrane
structures and cause leakage of cell contents, thereby exerting their broad-spectrum antibacterial effects.”> Compared to
traditional liposomes, cationic liposomes can engage in stronger interactions with bacterial membranes,”* and SPR
detection results also demonstrated that cationic liposomes capable of generating electrostatic interactions could be
developed and utilized as a potential drug delivery system for biomembrane.

SPR has also been used to study the membrane binding behavior of drugs. By coupling DOPC liposomes to the chip
surface, multicycle kinetic analysis was conducted on nearly 100 drugs to categorize their interactions with lipid bilayers
into three types: non-binding, reversible binding, and stable complex formation.'®® Using liposomes as model cell
membranes not only deepens our understanding of the interaction mechanisms between drugs and cell membranes but
also offers a new perspective for evaluating the release rate of drugs from modified nanoparticles,*””*%! facilitating the
further development of drugs targeting specific diseases.*®** Given the complex behavior of liposomes in vivo, devising
testing methods in vitro that can perfectly simulate their release behavior in vivo presents a challenge. An innovative
approach was adopted, by immobilizing different liposomes on an L1 chip and flowing different concentrations of
detergent over the liposome surface to simulate the environment in vivo. The study found that the nonionic surfactant
TX-100 significantly increased the membrane permeability and solubility of PEGylated liposomes.>® The application of
SPR technology to assess lipid membrane instability induced by detergents, and consequently drug release, showcases an
efficient and time-reducing new pathway for evaluating the properties of liposome membranes.

Extension of SPR in Nanoparticle Researches

Leveraging the high sensitivity and real-time monitoring capability of SPR, combined with the diverse applications of
nanotechnology, provides a powerful detection method and tool for life sciences and diagnostic medicine research. SPR
significantly enhances detection sensitivity, making it possible to detect trace biomolecules such as viral sequences,
disease markers, and cell abnormalities. The integration of this technology offers an effective means to identify and
amplify the signal of target analytes (Figure 5), driving the application of SPR technology in nanoparticle research to
reveal more extensive uses.

Reliable and sensitive detection of biomarkers is crucial, especially for circulating biomarkers with short half-lives. The
development and preparation of SPR combined with nanoparticles have significant advantages in the detection of low-
concentration molecules. Reliable and sensitive detection of biomarkers is crucial, especially for circulating biomarkers
with short half-lives. To address this challenge, researchers developed a detection platform combining molecularly
imprinted nanoparticles with SPR to monitor the expression levels of neuregulin 1 (NRG1) in biological samples. The
platform ensures precise binding of Fc-NRGI by directionally coupling biotinylated anti-IGG-Fc (Hu) to an SA chip. By
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Figure 5 Schematic illustration of molecularly imprinted nanoparticles enhanced biomarker detection using an SPR biosensor. Injection of biomarker, followed by injection
of molecularly imprinted nanoparticles.

injecting specifically modified ErbB4 liposomes, the multivalent interactions significantly enhance the affinity signal,
achieving high-sensitivity detection of trace amounts of NRGI in blood samples, with a detection limit as low as 3.5
pM. This represents about a 60-fold improvement over traditional SPR and immunoassay methods.”' Furthermore, the same
approach, using nanoparticles with different molecular imprints, can also be applied to detect various Selective Androgen
Receptor Modulators (SARMs) in athletes’ bodies,°® as well as trace markers in other biological samples.®*®* Therefore,
nanoparticles enhance the SPR signal, enabling high-sensitivity detection and quantitative analysis of trace biomolecules.
SPR biosensors based on molecularly imprinted nanoparticles exhibit good accuracy, high specificity, and high repeatability,
capable of directly detecting small amounts of target components in samples within a short time. This innovative method
not only breaks through the sensitivity limitations of biomarker detection but also provides strong technical support for
precision medicine, food testing, environmental monitoring, and more.

Membrane-binding proteins hold a crucial place in drug development, with many existing drugs designed to target these
proteins. SPR technology has significant applications in the development of drugs targeting membrane-bound proteins. By
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monitoring the interactions between membrane proteins and candidate drug molecules in real-time, SPR provides label-free,
high-sensitivity detection, aiding researchers in identifying and screening potential drug targets and inhibitors. The over-
expression of P-glycoprotein (P-gp) in cancer cells can trigger the phenomenon of multidrug resistance (MDR), and the
combined use of anticancer drugs with P-gp inhibitors is considered an effective strategy to reverse MDR. However, the
challenge of purifying and immobilizing membrane proteins on biosensor surfaces,'? as well as the need to maintain their
active conformation in a lipid-like environment, complicates drug screening for membrane proteins. To address this issue,
Cao and their research team utilized a method combining SPR with styrene-maleic acid (SMA) polymers, extracting P-gp
from MCF-7/ADR (Adriamycin-resistant human breast cancer cell line) cells to form SMA lipid particles (SMALPs). This
established a highly specific and stable screening system for P-gp inhibitors, successfully identifying 9 inhibitors with
binding activity to P-gp from natural products.®® Similarly, Salipro nanoparticle system was utilized with saponin proteins
to stabilize PANXI protein extracted from crude cell microsomes in a quasi-natural lipid environment. Using SPR, the
binding characteristics of this membrane protein with benzoylbenzoyl ATP (bzATP) and spironolactone were studied,
determining the stabilization method of this membrane protein. The application of SPR technology in membrane protein
drug research can accelerate the screening and study of membrane protein-targeted drugs in the future. Furthermore, in the
treatment of malignant B-cell tumors, CD20 is considered an effective target.''” However, the difficulty in obtaining its
recombinant or natural full-length protein has limited the development of anti-CD20 drugs. Compared to traditional lipid-
based membrane protein stabilization techniques, extracellular vesicles (EVs) offer a new solution as a membrane protein
display platform. The phospholipid bilayer of EVs provides an ideal microenvironment for the natural presentation of
membrane proteins like CD20, helping to maintain their correct conformation and biological activity. Utilizing SPR
technology, CD20-containing EVs can be indirectly captured on an SA chip, and specific anti-CD20 drugs, such as
rituximab and obinutuzumab, can be injected to assess the specificity and targeting of the drugs. This method, integrating
SPR technology, not only achieves accurate detection of CD20 and evaluation of drug targeting but also highlights the
important role and broad application prospects of SPR technology in the biomedical field.”> Consequently, SPR can stably
capture membrane proteins and maintain their activity, making it particularly suitable for studying membrane proteins like
P-glycoprotein that are associated with multidrug resistance, thus accelerating the drug screening and development process.
Additionally, this technology can be used to investigate the interactions and functions of other key membrane proteins,
further advancing drug discovery and development.

In the development of detection tools, SPR technology has shown its significant role in the biomedical field. SPR
technology finds extensive and profound applications in the development of detection tools. By utilizing the plasmon
resonance phenomenon on metal surfaces, SPR enables real-time, label-free monitoring of biomolecular interactions.
Annexin V protein, as a sensitive and specific probe, is widely used to mark cell apoptosis, especially due to its high
affinity for phosphatidylserine (PS) exposure. Research was conducted using SPR technology to explore the application
of sSfGFP-ANXV (recombinant human annexin V produced as a fusion with a highly fluorescent superfolder derivative of
the green fluorescent protein) fusion protein in the quantitative detection of liposomes or exosomes, thereby achieving
rapid detection of cell apoptosis. By immobilizing liposomes on the chip surface and injecting three types of proteins:
sfGFP-ANXYV, ANXYV, and sfGFP, the results showed that only sfGFP-ANXV had the ability to bind with immobilized
liposomes.>” In cell biology, the translocation of membrane proteins to the plasma membrane (PM) is a key process
involving various cellular functions, such as G protein-coupled receptor signaling, vesicular transport, and Ca*" entry. To
precisely control the membrane binding of target proteins in both spatial and temporal dimensions, researchers designed
an optogenetic tool named OptoPB, which can selectively bind to the plasma membrane under blue light illumination and
automatically dissociate back to the cytoplasm in the dark. Using SPR technology, researchers captured OptoPB on
POPC liposomes containing 6% PI(4,5)P2 and found significant differences in the binding and dissociation constants of
OptoPB under light and dark conditions. This not only confirmed the photosensitivity of OptoPB but also, through
mutational analysis of different residues of OptoPB, further revealed the molecular mechanism of its binding to the
plasma membrane.>® Two highly specific techniques were employed, namely sortase tagging and click chemistry, to graft
AGulX (activation and guidance of irradiation X) nanoparticles with two different targeting VHHs (Programmed Death-
Ligand 1 (PD-L1, A12 VHH) and Cluster of Differentiation 47 (CD47, A4 VHH)), aiming for combined targeted
immunotherapy. During this process, the efficacy of the two conjugation techniques was assessed through SPR
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experiments. The results showed that both bioconjugation methods produced AGulX@VHH with strong binding affinity,
verifying that they retained the functionality of the VHHs without affecting their binding capacity. Notably, the click
chemistry method demonstrated a higher VHH conversion rate with the use of lower-cost reagents. Therefore, it is
considered a favorable and promising approach for diverse applications in targeted therapeutic interventions and
imaging.”® Therefore, the aforementioned studies highlight that combining SPR with lipid nanoparticles holds promising
potential to robustly support the development of diagnostic reagents.’> SPR’s applications in exploring cellular processes
provide valuable molecular-level insights for the development and application of optogenetic tools.” Furthermore, the
application of SPR technology provides crucial information for evaluating the effectiveness of two conjugation
techniques, enzyme tagging and click chemistry, offering a reliable method to assess drug development tools.”®
Therefore, SPR technology not only plays a crucial role in basic research but also drives the development and application
of efficient and precise detection tools across various fields.

Future Prospects of SPR for Nanoparticle Application

Although SPR has made significant strides in the biological and chemical fields, many challenges remain to be addressed.
Moreover, with continuous updates and advancements in SPR technology, its application to nanoparticle studies will
significantly broaden the scope of research and development in nanotechnology.

SPR Enhanced Surface Modification and Detection Sensitization

SPR was employed to study the surface modification of nanoparticles, such as coating with polymers or ligands, to
improve biocompatibility and reduce toxicity.''' By analyzing how these modifications affect the binding properties and
interactions with target molecules, researchers can fine-tune the design of nanoparticles for specific applications. On the
other hand, exploring the design and preparation of nanostructures can enhance SPR signals and improve detection
sensitivity.''?> Moreover, combining surface-enhanced Raman scattering (SERS) and localized surface plasmon resonance

(LSPR) technologies will achieve more sensitive detection.''*!'"*

Multimodal and Multiscale SPR

The focus on multimodal and multiscale SPR is expected to intensify.''> Multimodal and multiscale SPR refers to using
SPR technology in different modes and at various scales for biomedical research and applications. Multimodal SPR
involves employing SPR in combination with other techniques or modalities, such as surface-enhanced Raman scattering
(SERS) or fluorescence, to enhance sensitivity or provide complementary information about molecular interactions. On
the other hand, multiscale SPR involves utilizing SPR technology across different scales, ranging from microscale to
nanoscale, to investigate interactions with varying levels of detail.''® Multimodal and multiscale SPR enable researchers
to conduct thorough and comprehensive sample analyses across nano and micro scales, accommodating diverse types and
sizes of samples. By exploring interactions among molecules, nanoparticles, and cells, this approach offers insights into
intricate biological processes, thereby advancing the development of advanced biomedical diagnostics and therapies.
Moreover, integration of SPR with ultra-performance liquid chromatography-mass spectrometry (UPLC-MS/MS), optical

e . . . . - 114,117-119
technologies, imaging systems, and electrochemistry will provide more comprehensive information. ™

High-Throughput SPR Technology

High-throughput SPR refers to the application of SPR technology in a manner that allows for rapid and automated
screening of interactions between nanoparticles and biomolecules. This approach facilitates the analysis of numerous
samples simultaneously, enabling efficient assessment of binding kinetics, affinities, and specificities across a wide range
of conditions. High-throughput SPR combines speed, automation, quantitative analysis, and versatility, making it
a powerful tool for accelerating drug discovery, biomarker identification, and optimization of therapeutic candidates in
biomedical research and pharmaceutical development.'?*'?' To meet the research and application needs in the biome-
dical field, the development of new technologies and devices based on high-throughput SPR technology will receive
increased attention.
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Development of SPR in Diagnostics Applications

SPR has already found numerous applications in clinical diagnostics and is expected to play an even more comprehensive
role in disease diagnosis in future research. SPR offers label-free and real-time detection of biomolecular interactions,
making it possible to detect minute changes in analyte concentrations. This capability is particularly suitable for
identifying disease-related biomarkers, promising greater utility in early and sensitive detection.'** Additionally, SPR
can distinguish between specific and non-specific binding events, enhancing the specificity of diagnostic assays for

accurate disease diagnosis and monitoring.'*’

Multiplexed detection allows for the simultaneous analysis of multiple
analytes within a single sample, making it ideal for screening and diagnosing complex diseases involving multiple
biomarkers.'** By measuring changes in biomarker levels or drug-target interactions, SPR helps in assessing treatment
outcomes and adjusting therapeutic strategies as needed. In the development of SPR instrumentation, portable and
miniaturized devices have been created for point-of-care testing, enabling rapid diagnostic results directly at the patient’s
bedside or in resource-limited settings.'*> Furthermore, the integration of SPR with biosensors and microfluidic systems
enhances its diagnostic applications.'**'*” Biosensors coupled with SPR allow for real-time monitoring of biomolecular
interactions in complex biological samples, further expanding its diagnostic potential. Consequently, the continuous
advancement of SPR technology in diagnostics is improving its sensitivity, specificity, multiplexing capabilities, and
suitability for point-of-care applications.'®>'?® These advancements are crucial for better disease detection, monitoring,
and management, ultimately contributing to improved global healthcare outcomes. The continuous development and
innovation of SPR in the diagnostic field will also bring new scenarios and opportunities for the broader research and
application of nanoparticles in biomedicine field.

In summary, SPR technology is widely used for real-time, label-free detection of interactions between nanoparticles
and biomolecules, which is crucial for accurately measuring binding affinities and kinetic parameters. SPR can assess the
properties of nanoparticles and leverage them for signal amplification, facilitating the detection of low-concentration or
low-abundance targets. Therefore, SPR technology is extensively applied in the biomedical use of nanoparticles,
providing detailed insights into nanoparticle-biomolecule interactions and driving significant technological advancements
in fields such as nanomaterial preparation, drug development, and clinical diagnostics. The further development and
application of SPR technology will enhance its prospects in future nanomedicine research and beyond.

Conclusion

SPR, as an efficient tool for precise detection of molecular interactions, has demonstrated its unique value in the
characterization of nanoparticles and the development of biologics. Currently, in the preparation and application research
of biomedical nanoparticles, SPR technology is utilized for performance detection of nanoparticles, drug development
and screening, and studying the interactions and mechanisms between nanoparticles and biomolecules. It plays a critical
role in in-depth analysis of nanoparticle binding properties, screening and optimizing nanoparticle formulations, and
detecting trace biomarkers, leading to significant research advancements and numerous commercial products based on
SPR technology. However, challenges remain in the future research of nanoparticle performance characterization and
applications. These challenges include regulating surface properties of nanoparticles to maintain stability in vivo,
optimizing targeting precision and delivery efficiency, achieving large-scale production and batch consistency, and
addressing long-term effects and potential risks in vivo. These issues involve the interactions between nanoparticles
and biomolecules within the body. Therefore, resolving these problems largely depends on the continuous development
and innovation of SPR technology. Due to its immense potential in detecting molecular interactions, SPR is expected to
play an increasingly important role in the development of nanoparticle materials and biomedical applications. With
ongoing technological innovation and application expansion, SPR is anticipated to open up broader application prospects
in biomedical research and materials science.

SPR technology holds promising commercialization perspectives in biomedical fields due to its versatile applications
and significant impact on research, diagnostics, and drug development. As SPR enables real-time, label-free detection of
biomolecular interactions with high sensitivity and specificity, its adoption in pharmaceutical and biotechnology
industries is expanding. In drug discovery, SPR facilitates rapid screening of drug candidates by measuring binding
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kinetics and affinity constants, thereby accelerating lead optimization and reducing development costs. This capability is
particularly beneficial for evaluating target engagement, studying molecular mechanisms, and predicting drug efficacy.
SPR is also pivotal in biomedical research, where it aids in studying protein-protein interactions, DNA-protein interac-
tions, and antigen-antibody binding dynamics. This allows researchers to unravel disease mechanisms, identify biomar-
kers, and validate therapeutic targets. Furthermore, SPR technology plays a crucial role in diagnostic applications,
including the detection of biomarkers for early disease diagnosis and monitoring therapeutic response. Its ability to
provide quantitative and qualitative analysis of molecular interactions enhances diagnostic accuracy and improves patient
outcomes. Commercially, SPR platforms are being integrated into automated systems for high-throughput screening and
multiplexed assays, catering to the demand for faster and more efficient biomedical research tools. As the technology
evolves, advancements in miniaturization and sensor design are enhancing portability and usability, expanding its
potential use in point-of-care diagnostics and personalized medicine. SPR technology has evolved beyond traditional
prism-based SPR to include grating-coupled SPR and waveguide-coupled SPR. Additionally, high-throughput SPR
imaging (SPRi) and techniques based on the surface plasmon resonance of metal nanoparticles, such as localized surface
plasmon resonance (LSPR) and surface-enhanced Raman scattering (SERS), have been developed to meet various
demands. Overall, SPR technology’s capability to provide precise and real-time analysis of biomolecular interactions
positions it as a valuable tool in advancing biomedical research, clinical diagnostics, and pharmaceutical development,
driving its commercialization across diverse applications in the biomedical sector.
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