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Immune profiling provides insights into the functioning of the immune system, including the distribution,
abundance, and activity of immune cells. This understanding is essential for deciphering how the
immune system responds to pathogens, vaccines, tumors, and other stimuli. Analyzing diverse immune
cell types facilitates the development of personalized medicine approaches by characterizing individual
variations in immune responses. With detailed immune profiles, clinicians can tailor treatment strategies
to the specific immune status and needs of each patient, maximizing therapeutic efficacy while
minimizing adverse effects. In this review, we discuss the evolution of immune profiling, from
interrogating bulk cell samples in solution to evaluating the spatially-rich molecular profiles across intact
preserved tissue sections. We also review various multiplexed imaging platforms recently developed,
based on immunofluorescence and imaging mass spectrometry, and their impact on the field of
immune profiling. ldentifying and localizing various immune cell types across a patient’'s sample has
already provided important insights into understanding disease progression, the development of novel
targeted therapies, and predicting treatment response. We also offer a new perspective by highlighting
the unprecedented potential of nanoparticles (NPs) that can open new horizons in immune profiling.
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NPs are known to provide enhanced detection sensitivity, targeting specificity, biocompatibility, stability,
multimodal imaging features, and multiplexing capabilities. Therefore, we summarize the recent
developments and advantages of NPs, which can contribute to advancing our understanding of immune
function to facilitate precision medicine. Overall, NPs have the potential to offer a versatile and robust
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rsc.li/nanoscale-horizons approach to profile the immune system with improved efficiency and multiplexed imaging power.

against pathogens, regulate inflammation, perform cancer
immunosurveillance, facilitate wound healing and tissue

1. Introduction

Immune profiling investigates the nature of complex immune
dynamics revealed by the molecular signatures of immune cells
in a patient’s specimen. Immune cells undergo metabolic
reprogramming in response to specific disease conditions to
elicit an effective immune response.’ Personalized biomolecu-
lar expression profiles of immune cellular architecture are
unique and influenced by multiple host factors, microbiota-
derived products, infectious agents, and neoantigens.
In recent years, researchers have embarked on more thorough
and innovative investigations into the immune system, driven
by its fundamental and extensive links to human health.
Immune cells play a crucial role in disease prevention and
progression due to their diverse functions and interactions
within the immune system. They enable the body to defend
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repair, and regulate allergic reactions.” Immune profiling
allows for the customization of treatments based on an indivi-
dual’s immune response. Understanding an individual patient’s
immune profile can allow healthcare providers to tailor treat-
ments for maximum effectiveness and minimal side effects.*
In early disease diagnosis, changes in immune function can often
precede the onset of clinical symptoms across various diseases.
Immune profiling techniques can help detect these changes early,
enabling timely intervention and potentially preventing the pro-
gression of diseases.” Furthermore, immune profiling can help
identify specific immune markers or signatures associated with
diseases. This knowledge can guide the development of targeted
immunotherapies designed to modulate the immune system’s
response against diseases such as cancer and autoimmune
disorders.*” Additionally, identifying and quantifying immune
cell populations can allow healthcare providers to monitor how
a patient’s immune system responds to a given treatment. This
real-time information aids in assessing treatment efficacy and
making necessary adjustments to optimize patient outcomes.®
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Finally, by retrospectively analyzing immune profiles across var-
ious patient cohorts, researchers can identify trends and predict
how individuals might respond to certain treatments. This com-
bined with real-time information, aids in selecting the most
appropriate treatment strategies, increasing the likelihood of
successful outcomes.’

The diverse array of immune cells present in the body, each
with specific functions and interactions, contributes to overall
immune function and homeostasis. On one hand, the complexity
and diversity of immune cells allow for effective immune
responses. On the other hand, it is crucial to assess various
immune cell types in detail for better prognosis, diagnosis, and
selection of treatment options. This diversity of immune cell types
requires multiplexed detection and imaging approaches to allow
researchers and clinicians to simultaneously analyze multiple
parameters within the same sample. Multiplexed biomarker
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profiling can reveal complex immune responses that involve
numerous cell types, signaling molecules, and interactions. This,
in turn, provides a more comprehensive understanding of
immune cell populations, their activation states, and their
interactions within the tissue microenvironment. Additionally,
analyzing immune responses often requires the use of valuable
and limited biological samples. Multiplexing approaches allow
researchers to extract maximal information from minimal
sample volumes by analyzing multiple targets simultaneously.
This efficiency is particularly important when working with
clinical samples or rare cell populations. Finally, multiplexed
imaging permits researchers and clinicians to study spatial
relationships among various immune cell types in the context
of intact diseased tissue. Several novel approaches have been
developed that allow multiplexed spatial profiling, such as
multiplex immunofluorescence (mIF), immunohistochemistry
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(mIHC), in situ hybridization (ISH), mass spectrometry (MS)-
based imaging, spatial transcriptomics.'® Each of these appro-
aches utilizes various types of probes for immune profiling
(e.g., fluorescent dyes, DNA barcodes, chromogens, metal tags,
etc.).

In this article, we review the evolving field of immune
profiling and offer a new perspective on leveraging the many
advantages of nanoparticles (NPs) for identifying and localizing
relevant immune biomarkers in patient samples. NP-based
probes offer significant potential in immune profiling due to
their high surface-to-volume ratio, versatile surface chemistry for
active biomarker targeting, signal amplification capabilities, bio-
compatibility, and stability, along with their multiplexed imaging
potential.

This review is organized as follows. In Section 2, we intro-
duce the emerging field of immune profiling and its signifi-
cance across various fields of medicine and biology. In Section
3, we introduce the technologies currently used for immune
profiling. Section 4 discusses the potential of NP-based probes
for enhancing immune profiling through improved multiplex-
ing efficiency and tissue sample preservation. Specific exam-
ples, potential benefits, limitations, and optimizations of
NP-based probes are also covered in Section 4. Conclusions
and future directions for the field are provided in Section 5.

2. Immune profiling

The immune system is critical for detecting and eliminating
transformed, e.g., damaged or aberrant, cells. Recently, scien-
tists have embarked on a novel and captivating exploration of
the immune system, driven by its crucial and widespread
connections to human health. Beyond the significant advance-
ments achieved in cancer immunotherapy over the past
decade,"" " researchers are now accumulating compelling data
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on the immune system’s pivotal role in therapeutic approaches.
This involvement spans diverse fields, including gastroen-
terology,'® neurology,” vaccinology,'® cardiovascular disease,"®
as well as obesity and metabolic disorders.?

The term ‘immune profiling’ encompasses the comprehen-
sive evaluation of the dynamic immune milieu characterizing a
patient’s immune health. Immune profiling involves delineat-
ing the expression patterns of immune-cell-associated genes
and proteins, alongside the precise identification and charac-
terization of constituent cell populations. Examining the
immune system presents a relatively new and promising ave-
nue for the development of new drugs and treatment
approaches. A comprehensive understanding of the immune
system could enable us to harness its capabilities to address
a wide range of diseases. Specifically, over the past decade,
cancer immunotherapy has emerged as an effective anti-tumor
therapeutic approach among traditional modalities like che-
motherapy, radiotherapy, and surgery.>* In the field of cancer,
immune profiling becomes an essential tool in identifying the
heterogeneous composition of immune cells, signaling mole-
cules and extracellular matrix (ECM) components in the highly
complex and dynamic tumor microenvironment (TME). The
variability of immune responses to cancer and the spatial
arrangement of cell subsets within tumors can serve as valuable
indicators for characterizing cancer and directing treatment
strategies. The characterization of the immune landscape in
the TME can help predict therapeutic efficacy and response to
novel immunotherapies, including immunogenic cell death
(ICD),** and promote the development of emerging targeted
therapies for precision oncology.*

2.1. Immune profiling and aging

As people grow older, virtually every aspect of the immune system
undergoes changes collectively referred to as ‘immunosenescence’.
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For instance, aging leads to a decrease in the number of naive
CD8+ T cells and a moderate reduction in the T-cell receptor (TCR)
repertoire, along with impaired function of dendritic cells.?**
Consequently, as individuals age, they become more vulnerable
to a wide array of infectious pathogens. Aging also serves as a
common risk factor for various complex diseases in which the
immune system may play a significant role. However, unraveling its
specific role in disease pathogenesis is often challenging due to its
pervasive effects.

To address this issue, Alpert et al employed immune
profiling techniques within an aging human cohort to gain a
comprehensive understanding of the alterations occurring in
the aging immune system.>® The authors quantified significant
changes in immune population frequencies in human periph-
eral blood and introduced valuable tools for assigning an
immunological age to individuals based on peripheral blood
expression profiling. Remarkably, using peripheral blood sam-
ples collected from 135 individuals between 2007 and 2015 as
they aged, the authors observed the impact of aging on 33
cellular subsets, including CD8+ T cells, monocytes, natural
killer (NK) cells, B cells, and CD4+ T-cell subsets. This approach
facilitated the investigation of the relationship between inflam-
mation and complex diseases, particularly atherosclerosis and
subsequent cardiovascular issues, in the aging cohort.

Utilizing immune profiling in clinical studies can enable
researchers to comprehend the immune alterations in healthy
individuals, the shifts induced by environmental exposures,
and the interplay between the human immune system and
diseases. Immune profiling technologies, such as flow cytome-
try, single-cell RNA sequencing, and newer high-dimensional
imaging technologies, can offer a more comprehensive under-
standing of the aging immune system, including changes in
immune subsets, function, modulation, and their impact on
both healthy and diseased elderly individuals.

2.2. Tumor-immune microenvironment (TiME)

The TME encompasses the ecosystem surrounding a tumor
within the body, incorporating immune cells, the ECM, blood
vessels, and other cells like fibroblasts. This complex and
dynamic TME, composed of a diverse array of cellular and
non-cellular elements, represents the outcome of the intrinsic
host response to the presence of the tumor. This includes
cytokines, chemokines, and inflammation, reacting to pertur-
bations in cancer behavior, tumor surface antigens, and
mechanisms of cell defense and growth. The dynamic inter-
action between a tumor and its microenvironment continu-
ously influences each other, either positively or negatively.
Furthermore, the TME hosts various immune cells, creating a
dynamic entity of the tumor-immune microenvironment
(TiME).

Lately, the advancement of targeted therapies for precision
oncology, particularly in the field of immunotherapy, necessi-
tates the discovery of biomarkers within tumors and cells of the
TME. These biomarkers should be capable of predicting the
effectiveness of therapy, and the identification of signaling
pathways is crucial for comprehending the biological behavior
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of the tumor (Fig. 1). Therefore, understanding the TiME is key
to optimizing immunotherapy and advancing new treatment
strategies.

Immune profiling has significantly contributed to the clin-
ical management of many malignancies, particularly with the
promising rise and success of cancer immunotherapies.”®
Interaction between immune checkpoints and their ligands
negatively affect T-cell function and the pathways involved in
the physiological immune response to tumor-associated anti-
gens (TAAs). Immune checkpoints and their ligands are com-
monly upregulated in the TME of many human malignancies,
representing substantial barriers to the initiation of effective
anti-tumor immune responses.”’ Recognition and activation
assays assess immune cell activation and enhancement in
response to antigenic and allogeneic stimulation.*®

Among the checkpoint-blocking approaches, the two most
eminent are blocking cytotoxic-T-lymphocyte-associated pro-
tein 4 (CTLA-4, or CD152) and targeting the interaction between
programmed cell death 1 (PD-1, or CD279) and programmed
cell death ligand 1 (PD-L1, or CD274, or B7 homolog 1).*
Single-cell transcriptome, T-cell receptor, and proteome profil-
ing of patients treated with PD-1 therapy, either before or after
surgery and alongside neoadjuvant chemotherapy, revealed
various immunophenotypes, shedding light on the heterogene-
ity in treatment response. Thus, periodic immune profiling
aids in the stratification of patients within the treatment
group and moves them towards more effective therapies.*?
For instance, researchers effectively used CODEX technology
to identify cellular neighborhoods and associate them with
either effective or ineffective antitumor immunity in different
patients’ TMEs, emphasizing the importance of immune profil-
ing for disease prognosis.*?

For a considerable time, tumor staging based on TNM
guidelines has served as a reliable method for cancer classifica-
tion. The TNM classification system was created to assist
doctors in staging different types of cancer using standardized
criteria. This system encompasses the tumor extent (T), the
spread to lymph nodes (N), and the presence of metastasis (M).
Despite providing insights into tumor burden, lymph node
involvement,** and metastasis, it has been acknowledged that
clinical outcomes can vary among patients with the same
disease stage. More recent research has started to emphasize
the crucial role of the immune contexture of the primary tumor
in predicting prognosis. Contrary to the view that disease
progression depends solely on tumor cells, incorporating the
immune response into disease classification is now considered
essential.*

An illustrative measure of this concept is the ImmunoScore,
a score ranging from 0 to 4, derived from the density of
lymphocyte populations, such as CD3/CD45R0O, CD3/CD8, or
CD8/CD45RO, in the tumor core and margins.>® Validated
globally in a multi-institutional study with a primary endpoint
of time-to-recurrence, the ImmunoScore demonstrated a
significantly longer time-to-recurrence for patients with a high
ImmunoScore, irrespective of stage, sex, age, or tumor-sided-
ness.*® Specifically, quantifying CD3+ and CD8+ T-cell densities
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Fig. 1 Characteristics of selective immune subsets important for antitumor immune activity as revealed by multidimensional immune profiling. (left)
Immune cell types correlated with antitumor immunity and better clinical outcomes in patients with cancer.!*=1527 (right) Immune cell types correlated
with immunosuppressive characteristics in the TME and poorer clinical outcomes in patients with cancer. TAM, tumor-associated macrophage; Thl,
T-helper type 1 cells; TME, tumor microenvironment; Treg, regulatory T cells; TRM, tissue-resident memory cells (adapted from ref. 11. Copyright 2020,

BMJ Publishing Group Ltd & Society for Immunotherapy of Cancer).

as part of the InmunoScore in two discrete regions of colorectal
carcinoma (CRC) tumors has been shown to outperform cur-
rent tumor risk factors, such as differentiation, venous emboli,
and lymphatic invasion, in predicting patient outcomes.’”
Furthermore, the spatial relationship between T lymphocytes and
tumor buds (TBs) was shown to hold prognostic significance in
CRC, where patients with high numbers of lymphocytes surround-
ing TBs demonstrate better stage II CRC prognosis.***° Although
the ImmunoScore has successfully predicted prognosis in various
cancers, including colorectal, melanoma, breast, kidney, and lung,
prospective studies are needed for it to be officially recognized as a
predictive marker.*>*°

2.3. Immune profiling in liquid biopsy

The immunology information extracted from liquid biopsy can
be used for continuous monitoring, from early-stage disease
screening, assisting diagnosis, personalized therapy selection,
to recurrence monitoring. Liquid biopsy techniques offer a
number of advantages over commonly used tissue biopsy, as
they are less invasive and easier to repeat. In addition, the
results from liquid biopsies are unaffected by the inconsistency
issues present when studying resected tissue for diagnostic
purposes over time.*>*' For instance, the TME exhibits a high
degree of heterogeneity,*” particularly between the original

1900 | Nanoscale Horiz., 2024, 9, 1896-1924

tumor and metastases, which greatly complicates the assessment
of the body’s immune response to a tumor.*" Liquid biopsy serves
as a non-invasive and holistic diagnostic tool to assess circulating
tumor cell (CTC) populations and T cells, and bloodborne mar-
kers such as exosomes, circulating tumor DNA, and proteins.
However, liquid biopsy lacks the ability to spatially present the
cancer’s immune profile within the tumor itself.

The use of liquid biopsy has been successful in correlating
Vd2+ v T cell changes with lymph node invasion in breast
cancer patients.*" y3 T cells have cytotoxic capabilities similar
to their af CD8+ T cell counterparts. However, unlike o3 T cells,
vd T cells exhibit MHC-unrestricted antigen presentation and
TCR activation, as well as NK cell-associated cytotoxic recep-
tors, giving them a function more akin to NK cells. The V32+
subtype is typically present in the peripheral blood but has
been frequently observed in contact with breast tumor tissue.
Using mass cytometry, 130 immune variables were quantified
in newly diagnosed untreated breast cancer patients. BGA
(between-group analysis) showed easily distinguishable vari-
ables between the healthy control samples and breast cancer
samples, with healthy patients expressing high numbers of
naive V62 + vyd, afCD8 +, and affCD4+ T cells. Breast cancer
patients expressed differentiated T cells in high quantities,
particularly CD45RA V62 + vd T cells, as well as high numbers

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nh00279b

Published on 10 September 2024. Downloaded on 8/16/2025 7:05:30 PM.

Review

of V62 + y4 T, afCD8+ T, and NK cells with inhibitory receptors.
Differences in V52 + yd T cell expression provided the greatest
contribution to variable disparity between breast cancer and
healthy patients.**

Several immune cell markers can be considered as “immune
checkpoints,” and patients with cancer may exhibit alterations
in the expression of these molecules, i.e., PD-1, CTLA-4, LAG-3,
TIM-3, etc.** Using quantitative real-time polymerase chain reac-
tion (QRT-PCR) on DNA and RNA extracted from patient blood
samples, it was demonstrated that peripheral blood mononuclear
cells (PBMCs) from CRC and primary breast cancer (PBC) patients
show significant upregulation of the PD-1, CTLA-4, TIM-3, TIGIT
and PD-L1 genes, while LAG-3 expression is downregulated.”
These markers also correlate with each cancer’s TNM stage and
histological grade, implying that such a blood test could offer
insights into both detection and disease progression.*?

The use of liquid biopsy for response prediction was demon-
strated using cytometry by time-of-flight (CyTOF) to assess the
immune profile of human epidermal growth factor receptor-2
(HER2)+ breast cancer patients.** PBMCs were collected from
patients before and after starting T-based neoadjuvant chemo-
therapy (NAC).** The group that achieved a pathologic complete
response (pCR) displayed higher counts of B cells, particularly
naive phenotypes, and effector memory CD8+ T cells at diagnosis,
compared to patients who did not achieve pCR.**

Further use of immune profiling for evaluating treatment
response assessment has been demonstrated using fluorescence-
activated cell sorting (FACS).** Upon treatment with IL-2 and IFN-
o, patients with metastatic renal cell cancer showed a drastic
increase in regulatory T cells (Tregs) count over the span of two
weeks.*® After this period, patients were treated with bevacizu-
mab, and upon further examination, patients who achieved a
partial response or halted disease progression experienced no
additional increase in Treg count, while non-responsive patients
continued to increase counts at a constant rate.*> Liquid biopsy
analysis using flow cytometry has been successfully applied for
immune profiling of the peripheral blood of CRC patients.*® Choi
et al. examined white blood cell (WBC) population differences
between healthy individuals and patients with CRC, finding that
CRC patients had higher neutrophil-to-lymphocyte ratios (NLR)
than healthy individuals. Certain immune suppressive Treg and
antitumor cytotoxic T cell phenotypes, namely CD4+CD25+,
CD4+CD279+, CD4+CD152+, CD152+CD3+CD8+, and CD279+
CD3+CD8+, were found in higher quantities in CRC patients
compared to healthy individuals.*® Myeloid-derived suppressor
cells, which function similarly to Treg cells, also accumulate
significantly in CRC patients.”® The quantities of each cell type
changed as cancer progressed, with the NLR and Th2 cell count
increasing in later stages of CRC.*®

3. Immune profiling technologies

Clinical trials focusing on oncology, aging, cardiovascular dis-
ease, autoimmune disorders, and infectious diseases could
greatly benefit from immune profiling to improve health

This journal is © The Royal Society of Chemistry 2024
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outcomes and advancing medical innovation. Immune profil-
ing holds the potential to unveil profound insights into disease
mechanisms paving the way for the development of targeted
immunomodulatory therapies for complex diseases. In this
section, we will discuss the various technologies used to profile
the immune system and the rapid evolution that is currently
underway to offer unprecedented insights into intact tissues.
Assessing the expression of specific genes from peripheral
blood, or targeting select biomarkers using flow cytometry,
represents a more traditional detection-based approach to
immune profiling. However, in the past decade, several new
platform technologies have been further developed and com-
mercialized to offer far more comprehensive options. Examin-
ing the spatial context of intact cellular architectures yields
valuable insights into the functions within intricate biological
systems. This is particularly crucial when studying the TME,
which includes various neighborhoods across the tumor, each
containing a diverse array of cell types: neoplastic cells, fibro-
blasts, vascular endothelial cells, and various subsets of
immune cells.””

3.1. Detection-based immune profiling

Several detection-based techniques have been used by research-
ers to gain a better understanding of the cellular phenotypes of
immune cells. Many of these techniques have driven extensive
discovery, leading to increased precision in disease diagnosis
and prognosis. Although these techniques do not offer spatial
context for the data, they provide, they are still considered
important tools for discovery in clinical medicine.*®

DNA microarrays, a specific type of detection-based techni-
que, involve extracting mRNA from tissues and cells. This
mRNA is then reverse-transcribed and labeled with a fluores-
cent dye before being hybridized onto the array, as illustrated in
Fig. 2. The principle behind DNA microarrays is that the
amount of fluorescence measured at a sequence-specific loca-
tion directly correlates with the amount of mRNA with the
complementary sequence in the analyzed sample.’® While
microarrays do not provide the exact level of expression for a
particular gene, the technique is still useful in comparing
expression levels across different conditions and controls.
Microarrays can be classified into three main types based on
(i) probe lengths; (ii) manufacturing method; and (iii) number
of samples that can be simultaneously analyzed.

Bulk RNA sequencing is often used alongside single-cell
RNA sequencing for onco-immunology applications. Bulk
RNA sequencing can be performed on human tumor samples
obtained from biopsies or surgeries.*® The steps involved in
both single-cell and bulk RNA sequencing include reverse
transcription, sequencing, mapping, data format transforma-
tion, and count table generation. Although combining single-
cell and bulk RNA sequencing can be more expensive, this
approach enhances the appreciation of tissue heterogeneity at
the cellular level, enabling a more detailed analysis of specific
cell populations (e.g., T cells, B cells, etc.).

Flow cytometry (FC) is another detection-based technique
that offers unique information about immune phenotypes
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Fig. 2 Graphical representation of the main approaches for multiplexed detection-based (without spatial context) and imaging-based (with spatial
context) techniques used for immune profiling. For imaging-based techniques, antibodies are commonly labeled with metals, fluorophores, or DNA

oligonucleotides for complementary binding of fluorescently tagged DNA probes.*°

and cells. Both FC and fluorescence-activated cell sorting
(FACS) offer high sensitivity for analyzing cell subtypes with
standardized antibody panels.”® These techniques provide
quantifiable data on the proportion of specific cell types pre-
sent within a whole sample in solution and screen for biomar-
kers in cell population subsets. Both techniques are commonly
used to study various conditions, including cancer and auto-
immune disease. New molecular profiling technologies, such
as RT-PCR, gene chips, protein chips, two-dimensional gel
electrophoresis (2DE), and mass spectrometry (MS, including
LC-MS), allow for the analysis of molecular signatures from an
individual’s homogenized tumor and to correlate a panel of
biomarkers with clinical outcomes to better tailor personalized
therapies.

However, most tumors are highly heterogeneous, containing
a mixture of benign, cancerous, and stromal cells. This hetero-
geneity makes it challenging to use the detection-based
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methods for precise molecular profiling. Furthermore, homo-
genizing tissue specimens into a single homogeneous solution
for these approaches results in the loss of valuable spatial
information from the original tissue and complicates tracking
trends or predicting therapeutic efficacy.

3.2. Imaging-based immune profiling

In the field of oncology, spatial information about the various
immune cells present across the TME can provide valuable
insights into the severity of a cancer patient’s prognosis and
inform clinicians about the patient’s likelihood of responding
to a given therapy. Spatial profiling of the TME can be sum-
marized by four main characteristics: (i) spatial distribution
and proportions of immune cells, (ii) distances between
immune cells and other functionally related cellular neighbors,
(iii) cell-cell interactions, and (iv) the activated or suppressed
state of immune cells.”® While previously discussed detection-
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based RNA, DNA, and proteomic platforms are limited in the
spatial information they can provide, recent multiplexing tech-
nologies have provided deep insight into the spatial biology
domain of the TME. These advanced techniques, as summar-
ized in Table 1, can reveal not only the what types of immune
cells present in the TME but also their specific locations at a
given time. Multiplexed spatial profiling enables correlating
molecular and morphological information that is not available
from traditional immunohistochemistry (IHC) and H&E stains.
Such information has been studied and correlated with rates of
patient survival, prognosis, and predicted responsiveness to
treatment, all important details that have shown potential to
further support precision medicine and the field of oncology as
a whole.33,47,51—62

3.2.1. Single-cycle fluorescence imaging. Immunofluores-
cence (IF) imaging is a well-established technique used for
decades to simultaneously visualize several key biomarkers in
tissue specimens with a single staining cycle. Therefore, single-
cycle IF imaging was used to spatially profile the immune
system and tumor microenvironment. For instance, the Rar-
eCyte Orion instrument utilizes the single-cycle IF imaging
approach, which includes buffy coat expansion, fluorescence
staining, microscopic imaging, and single-cell retrieval to
achieve single-cell resolution.®> While remaining a crucial
component of the spatial biology field, IF imaging is typically
limited to simultaneous interrogation of 3-5 biomarkers per
staining cycle, according to the current clinical research stan-
dard. However, according to a first-principles analysis reported
by Lin et al, a minimum of 16-20 imaging channels are
required for tumor profiling; e.g., 10-12 are required to subtype
major immune cell types, 2-3 are required to detect and
subtype tumor cells and states, 2—-4 are required to identify
relevant tissue structures, and 1-3 are required to examine
tumor cell states or therapeutic mechanisms, plus a nuclear
stain to locate cell nuclei.®* The RareCyte Orion Imaging plat-
form demonstrated up to 18-plex IF panel in a single staining
and imaging cycle.® Notably, single-cycle imaging techniques,
as the name implies, use only one cycle of staining and
imaging, and therefore do not require multiple harsh stripping
or chemical inactivation cycles for antibodies and fluorophores.

3.2.2. Multi-cycle fluorescence imaging. Over the past few
years, several advanced multiplexed imaging technologies have
relied heavily on fluorescence imaging, including co-detection
by indexing (CODEX) and multiplexed immunofluorescence
(MXIF). Such technologies make use of multicycle immunos-
taining and imaging protocols to overcome the plexity limita-
tions of conventional fluorescence-based methods.®> While
such techniques commonly use iterative, multi-cycle imaging
acquisition with fluorescence microscopes, each technique
relies on different modes of antibody tagging (e.g., fluoro-
phores, DNA oligonucleotide barcodes).®>

Currently, CODEX is one of the key technologies in the
multiplexing industry developed by a group led by G.P. Nolan
at Stanford University and acquired by Akoya Biosciences.®®
The CODEX methodology involves tissue imaging with cock-
tails of DNA-barcoded antibodies, allowing for multiplexing
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capabilities of up to 100+ biomarkers in situ. The CODEX
procedure involves four main steps: (i) antibody conjugation,
(ii) validation and titration, (iii) cyclic tagging, and (iv) data
analysis (Fig. 2). During the antibody conjugation step, anti-
bodies are partially reduced and subsequently conjugated with
a DNA oligonucleotide. This conjugate is then washed and
recovered to be used in the second step for the antibody
validation and titration. Here, tissue is prepared for antigen
retrieval, stained with the antibody-oligonucleotide conjugate,
and hybridized with a corresponding fluorescent oligo-
nucleotide. The addition of these fluorophores allows for
visualization of the sample’s region of interest (ROI) with a
fluorescence microscopy imaging system. The multiplexing
capabilities of CODEX arise from a multi-cycle reaction, which
involves chemical stripping the fluorescently tagged oligo-
nucleotide from the tissue and iteratively repeating the process
for all antibodies of interest in the designed antibody panel.
Once this process is complete, data are analyzed with image
processing, single-cell segmentation, cell-type annotation, and
various spatial analysis techniques.®®

Akoya’s technology has heavily contributed to the under-
standing and development of cellular spatial relationships and
single-cell biology, especially in relation to the field of immu-
nology. The CODEX workflow was applied in a colon cancer
study in which the cell-to-cell interaction and spatial organiza-
tion of the TME were characterized. Phillips et al. profiled
56 protein markers across 140 ROIs from 35 different patients
with CRC.>® The study utilized CODEX technology to evaluate
patient prognosis, finding that the enriched population of
PD-1+ CD4+ T cells within a granulocyte cellular neighborhood
(CN) correlated with increased patient survival. Using this
multiplexed spatial profiling approach, decreased survival rates
were correlated with CNs in which tumor and immune cells
were coupled, and T cells and macrophages were fragmented.*?
Aside from assisting in patient prognosis, CODEX technology
has been utilized to predict patient response to specific immu-
notherapies. CODEX’s spatial profiling capabilities enabled the
creation of topographic cellular maps that could predict patient
response to PD-1 blockade in cutaneous T cell lymphoma
(CTCL).*” Seventy tumor ROIs from 14 CTCL patients, some
who responded to immunotherapy and others who did not,
were sequenced utilizing Akoya’s technology. No differences
were found in the frequencies of immune or tumor cells
between responders and non-responders, but topographical
differences between PD-1+, CD4+ T cells, tumor cells, and
immunosuppressive Treg cells were found. Such topographical
differences were quantified using a SpatialScore, i.e., a calcula-
tion of the physical distance between a CD4+ T cell and a tumor
cell or a Treg cell. A lower SpatialScore (indicating closer
proximity of CD4+ T cells to tumor cells) suggested an
increased patient response to immunotherapy, and a higher
SpatialScore (indicating closer proximity of CD4+ T cells to Treg
cells) suggested a decreased patient response to immunother-
apy. This cellular topographical information can help guide
clinicians on how a patient would potentially respond
to specific immunotherapies.®” Most recently, Jhaveri et al.
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Table 1 Examples of multiplexing technologies for spatial biology and their application for immune profiling
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Company

Technology

Contrast probes/
instrumentation

Summary

Plexity/application

Ref.

Akoya
Biosciences

NanoString

10X
Genomics

Canopy
Biosciences
(Bruker
company)

Lunaphore
Technologies

Standard
BioTools

IONpath

Miltenyi

Biotec

RareCyte

1904 |

Multi-cycle IF

Fluorescence in situ
hybridization (FISH)

Single-cell gene
expression flex (RNA
templated ligation
(RTL) technology)
applied to FFPE tissues
(scFFPE-seq)
Multi-cycle IF

Multi-cycle IF

Imaging mass
cytometry (IMC)

Multiplexed ion beam
imaging (MIBI) with
secondary-ion mass
spectrometry (SIMS)

MICS (MACSima
imaging cyclic staining)

Sequencing physically
interacting cells
(PIC-seq)

DNA-encoded antibodies/
phenocycler-fusion

Opal-conjugated antibodies/
PhenoImager
Oligonucleotide probes to
generate gene-specific
fluorophore barcodes/GeoMx
Digital Spatial Profiler (DSP)
and CosMx Spatial Molecular
Imager (SMI)

Fluorophore-labeled DNA
probes to generate gene-
specific fluorophore barcodes/
Visium and Xenium In Situ

Common fluorophores/CellS-
cape and ChipCytometry

Common fluorophores/
COMET

Metal-labeled antibodies/
Hyperion coupled with Helios

Metal-labeled antibodies/
MIBIscope

Fluorochrome-conjugated
antibodies/MACSima Platform

Immunofluorescent
antibodies/CyteFinder II

Nanoscale Horiz., 2024, 9,1896-1924

Using oligonucleotide-
conjugated antibodies and
opal fluorescent reporters,
PhenoCycler-Fusion can detect
and image 100+ RNA and
protein biomarkers with 5-plex
base panels per a staining
or/and imaging cycle

Allows visualization of both
mRNA and protein markers.
The device has been used to
identify predictive biomarkers
for immunotherapy but does
not provide single-cell
resolution

A spatially resolved tran-
scriptomics (SRT) platform
with fluidical frame, which
allows for up to 1000-plex, only
one sample can be assessed
at a time

Utilizes microfluidics and
repetitive staining and
imaging cycles to combine
RNA and protein multiplexed
detection on FFPE tissue. The
system allows for re-
interrogation of tissue samples
for additional markers at later
points in time (up to 2 years)
and works at single-cell
resolution

Operates as a fully automated
staining, imaging, and pre-
processing platform. Utilizes
microfluidics and can detect
up to 40 protein biomarkers
from one sample, in less than
1 day

The Hyperion imaging system
is a laser system that ablates
tissue section samples, pro-
viding material for the Helios
system on a point-by-point
basis. This allows for mass
cytometry results to be
resolved spatially. The imaging
speed is 200 pixels per second
Uses ToF mass spectrometer
and a cocktail of antibodies,
each labeled with a unique
metal isotope for a single-cycle
staining for more than 40
biomarkers. The spatial
resolution is 1 pm

Is based on cycles of staining,
imaging, and erasure, using
photobleaching of fluorescent
labels of recombinant anti-
bodies (REAfinity antibodies),
or release of antibodies
(REAlease antibodies) or their
labels (REAdye_lease
antibodies)

Utilizes automated multi-
parameter fluorescence stain-
ing, automated microscopic
imaging analysis, and
integrated single-cell retrieval

56-Plex/immune cell topo-
graphy for predicting response
to PD-1 blockade in cutaneous
T cell lymphoma
101-Plex/spatial proteome of
head and neck cancer
5-Plex/predicting ICI efficacy in
solid tumors
44-Plex/validation for 44
proteins and 96 genes in lym-
phoid, colorectal tumor, and
autoimmune tissue

313-Plex human breast panel

30-Plex/antibody panel vali-
dated for FFPE tissue staining

40-Plex/staining panel for
immune-oncology applications

45-Plex/phenotypes of cancer-
associated fibroblasts (CAFs)
for patient outcome in tumor
microarrays (TMAs) of non-
small cell lung cancer (NSCLC)

15-Plex/spatial distribution of
immune and tumor cells

47-Plex/investigation of
potential targets for CAR T cell
therapy

30-Plex/profiling of cutaneous
melanoma

33

51

52

53

54

55

56

57

47

58

59
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Table 1 (continued)
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Contrast probes/

Company Technology instrumentation

Summary

Plexity/application

Ref.

Single-cycle IF ArgoFluor-conjugated anti-

bodies/Orion

Leica
Microsystems

Multi-cycle IF Common fluorophores/Cell

DIVE

Rebus
Bioscience

Single molecule FISH
(smFISH)

Atto-dyes conjugated to
oligonucleotides/Rebus Esper

Orion operates with ArgoFluor-
dyes, which are bright and
spectrally separated fluor-
ophores. The Orion reagent
portfolio of conjugated anti-
bodies and conjugation kits
cover imaging of more than
60 unique biomarkers (human
and mouse)

Offers automated biomarker
quantification, direct antibody
dye labeling, and single-cell
analysis

The system integrates syn-
thetic aperture optics (SAO),
fluidics, and image processing.

15-Plex/imaging of reactive
lymphoid hyperplasia (RLH)

61-Plex/tumor heterogeneity of
colorectal cancer

17-Plex with up to 3 genes per
cycle/mapping the brain’s
blood vessels

60

61

62

SAO allows for higher resolu-
tion without affecting
throughput and ease of use.
SAO improves a 20x NA 0.45
air lens to a conventional high
NA oil immersion lens,
enabling >10-fold improve-
ment in FOV, depth of field,
and working distance

ICI - immune checkpoint inhibitor; IF -~ immunofluorescence; ToF - time-of-flight; FFPE - formalin-fixed paraffin-embedded; CTC - circulating
tumor cell; CAR - chimeric antigen receptor; FISH - fluorescence in situ hybridization.

demonstrated 101-plex spatial proteomic profiling of FFPE
tissue sections of head and neck squamous cell carcinoma
(HNSCC) patients.”® All antibodies were assembled into an
ultra-high plex panel of 101 markers. Three markers were
imaged per cycle with a total of 38 cycles of reporter hybridiza-
tion, imaging, and de-hybridization to reveal the spatial locali-
zation of all 101 proteins across the entire tissue section. These
highly multiplexed images allowed uncovering a high degree of
intra-tumoral heterogeneity intrinsic to HNSCC and provided
unique insights into the biology of the disease. In particular, a
CN analysis revealed the presence of 6 unique spatial neigh-
borhoods enriched in functionally specialized immune subsets.
In addition, functional phenotyping identified 4 distinct tumor
regions with differential protein signatures. One of these
regions was marked by infiltration of CD8+ cytotoxic T cells
and overexpression of BAK gene, a proapoptotic regulator,
suggesting strong immune activation and stress.

Other multi-cycle fluorescence imaging techniques have
been developed in order to provide multiplexed immune profil-
ing of patient tissue. Leica Microsystems, for example, inte-
grated an MxIF method into their latest Cell DIVE instrument
(Fig. 2).°" The MXIF workflow has the ability to quantitatively
visualize 60+ antibodies with single-cell resolution through an
iterative multi-cycle process that chemically inactivates fluor-
escent dyes instead of eluting attached antibodies, as seen with
Akoya’s CODEX technology. The main steps of the MxIF work-
flow involve antigen retrieval and repeated cycles of staining,
imaging, and dye inactivation for 60+ biomarkers in a single
FFPE tissue section.®® Prior to antibody staining, the tissue of
interest (TOI) is stained with DAPI to visualize and mark

This journal is © The Royal Society of Chemistry 2024

genomic content in the cell nuclei. Subsequently, the tissue
is imaged in all channels of interest to record background
autofluorescence. Next, the tissue sample is stained with
4 fluorophore-conjugated antibodies and reimaged to capture
antigen-specific signals. After completion of this first staining
and capture, dyes undergo a chemical inactivation process to
remove the signal, allowing for reuse of common dyes in an
iterative staining process with different antibodies in the
following imaging cycles. After all targets of interest have been
imaged, all sequential images are accurately aligned by utiliz-
ing the DAPI-stained nuclei as fiducial points. The captured
autofluorescence background signal is then subtracted from
the biomarker signal to enhance quantification accuracy.
Single-cell resolution and phenotyping are achieved through
the segmentation of individual cells, including the plasma
membrane, cytoplasm, nucleus, tumor, and various stromal
regions of the TOL®"

Researchers have utilized Cell DIVE in various oncology
studies, demonstrating the capabilities of the MxIF workflow
in spatially understanding the immune contexture of the TME.
One specific study used MXIF technology to identify biomarkers
in 117 stage III CRC patients who had been treated with
adjuvant fluoropyrimidine/oxaliplatin (FOLFOX) chemother-
apy. Several biomarkers (CD45, CD3, CD4, CD8, FOXP3, PD1)
were spatially analyzed on tissue microarrays (TMAs) utilizing
the MxIF technology and were subsequently run through prob-
abilistic classification algorithms and various statistical models
(Fig. 3). The identified cell populations were correlated
with disease-free survival (DFS) and overall survival (OS) of
FOLFOX-treated patients. Additionally, the study identified that
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Fig. 3 Example of multiplexed immune profiling for stratification of chemotherapy-treated stage Ill CRC patients with Cell DIVE. (A) Representative
images of virtual H&E, (B) multiplexed IF images, and (C) tissue mappings with color-coded cell classifications. The top left image in each panel is a
representative Immune-Low, Stroma-Low tissue core while the bottom right image is a representative Immune-High, Stroma-High tissue core (adapted

from ref. 69. Copyright 2021, The Author(s)).

PD1— Treg cells were more heavily associated with survival
than PD1+ Treg cells. The study thus effectively demonstrated
Cell DIVE’s ability to spatially profile the TiME of patients
for accurate prognosis.®® Overall, as demonstrated, multi-
cycle fluorescence imaging techniques have yielded promising
capabilities for multiplexing technology in furthering immune
profiling studies, even beyond oncology.

While the sequential, or multi-cycle, IF approach offers a
tried and tested ability to provide spatial, multiplexed cellular
information about the TME, these techniques also present
limitations that should be further researched and improved
upon for studies hereafter. One such factor is the time required
for imaging. The hands-on experimental time for antibody
conjugation can be about 4.5 h, validation of antibodies can
take about 6.5 h, preparation for the multi-cycle experiment can
take about 8 h, and imaging can take about 45 min. Cyclical
imaging also requires significant data processing, as multiple
images need to be aligned, and tissue damage can become
substantial after multiple cycles. Therefore, data processing
could be improved by utilizing deep learning algorithms or
other computational techniques. Additionally, CODEX lacks a
signal amplification system, making the detection of low-
abundance proteins more challenging. Currently, CODEX tech-
nology boasts a 100-plex ability, while Cell DIVE offers a
capacity of 60-plex. CODEX technology enables multiplexed
imaging of FFPE and fresh-frozen tissue sections, while Cell
DIVE’s protocols have been validated solely for FFPE speci-
mens. Although Cell DIVE was initially optimized for FFPE
tissues, users have also developed protocols for studying frozen
tissues.

3.2.3. Imaging mass spectrometry (MS). Although IF tech-
niques have made significant contributions to the spatial
biology field, these platforms still face challenges related to
sample preparation time, autofluorescence background, sensi-
tivity, and the need for multi-cycle approaches to analyze more
than 7 biomarkers. Multiplexed ion beam imaging (MIBI) and
imaging mass cytometry (IMC) represent rapidly growing MS-
based platforms used for multiplexed imaging.*”>”® Both MIBI
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and IMC use antibodies labeled with unique metal isotopes
that are differentiated using MS. Metal-conjugated antibodies
are applied onto the tissue in a single mixture. Then, to extract
metals from the tissue, MIBI uses secondary ionization and
IMC utilizes laser ablation.

MIBI was developed by IONPath to fully characterize
patients’ immune systems, including their TME. The three
main steps of the technique involve staining, image acquisi-
tion, and analysis. Tissue staining for MIBI is quite similar to
IHC staining.*” Once slides are prepared, they are loaded into
the MIBI instrument, which is a secondary ion mass spectro-
meter (SIMS) with a time of flight (ToF) mass analyzer. As a
rule, the MIBIscope utilizes a liquid gold (Au) metal ion gun as
the primary ion source. The MIBIscope raster-scans a primary
ion beam across the tissue, liberating secondary ions that are
mass-filtered to preferentially enrich for the isotopes intro-
duced by the staining of the tissue with the metal-conjugated
antibodies (Fig. 2). An electrostatic analyzer within the MIBI-
scope acts as an energy filter, significantly biasing the ions
detected toward monatomic species and reducing the transmis-
sion of polyatomics (hydrides, oxides, and organics). The
masses of the secondary ions are determined using the ortho-
gonal ToF mass spectrometer, and the detected species are
assigned to target biomolecules given the known isotopic label
of each antibody.

IMC technology from Standard BioTools represents a novel
approach to spatially resolved single-cell analysis with metal-
conjugated antibodies targeting specific proteins of interest.
Each antibody is tagged with a unique metal isotope, allowing
for multiplexed detection of multiple targets within the same
tissue section. Stained tissue samples are ablated using a laser,
allowing for the liberation of ions from the tissue surface. This
release of ions can be analyzed by MS, with each metal isotope
corresponding to specific antibody-targeted proteins. IMC thus
generates a spatially resolved map of protein expression within
the tissue sample. As an example, van Maldegem et al. validated
a panel of 27 metal-tagged antibodies on human spleen FFPE
tissue to interrogate the remodeling of the TME induced by a
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CD103 | Tissue resident T CD103 |cDC1

CD44 T effector / memory || MHC-II | DC/activation/
B220 B cells Ag presentation
Nkp46 NK cell CD86 Corstimulation

PD-1 Immune checkpoint CD44 Activation marker
PD-L1 Immune checkpoint

Pan macrophage
Pan macrophage

Tumour cells

CD44 TumourEMT
Vimentin | Mesenchymal
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casp3 Apoptosis ffibroblasts
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Structural / environmental
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/epithelial tumour*
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Fig. 4 Example of IMC panel for multiplexed immune profiling. (A) Validation of antibodies in IMC using a follicle in the spleen; 1r191/193 (blue), B220
(green), CD4 (magenta), CD68 (yellow), aSMA (cyan), vimentin (red). (B) Panel of 27 antibodies that identify multiple cell types from lymphoid, myeloid,
tumor, and stromal compartments, as well as markers of activation and proliferation status. DC dendritic cells, NK natural killer, EMT epithelial-to-
mesenchymal transition, Ag antigen (adapted from ref. 71. Copyright 2021, The Author(s)).

KRAS G12C inhibitor in an immunocompetent mouse ortho-
topic lung cancer model. The multiplexing capabilities of IMC
allowed the authors to highlight the infiltration and activation
of antigen-presenting cells and effector cells.”* The validated
27-plex panel enabled distinguishing a variety of immune cell
types that are thought to play a role within the TME, such as
lymphocytes and various subsets of myeloid cells (Fig. 4).
In addition, this panel included markers to visualize the con-
text of the tissue architecture, e.g. endothelium and fibroblasts,
as well as phenotypic markers that describe the maturation and
activation state of both tumor and immune cells.

Although MS is a powerful technique for immune profiling
through the identification and quantification of proteins, pep-
tides, etc., it has limitations that can affect its strength as an
immune profiling tool. Firstly, while MS has high sensitivity, it
requires developing a high parameter panel, is expensive and
time-consuming, and requires antibody validation and optimi-
zation. MS-based analysis destroys the tissue, inhibiting the
ability to further interrogate the sample for multiomic analysis.
Additionally, MS devices usually require increased specialized
user training to operate effectively. Due to the complexity of MS-
based techniques (sample preparation, instrument setup, data
acquisition, etc.), these experiments are time-consuming and
resource-intensive. Finally, MS instrumentation and reagents
tend to be more expensive, making MS-based immune profiling
studies a costly option for researchers.”

4. Nanotechnology potential for
immune profiling

Nanoparticles (NPs) possess several advantageous characteris-
tics that have made them well-suited for various biomedical

This journal is © The Royal Society of Chemistry 2024

applications. The rise of nanotechnology in medicine has
brought about key advancements in diagnostic methods, drug
and vaccine delivery, and medical imaging.”>”* One of the most
impactful developments in nanomedicine is the ability to
achieve active targeting, ensuring tissue and cell specificity.”®
NPs can be functionalized with targeting ligands, including
a multitude of peptides, aptamers, or antibodies to bind
to biomarkers of a specific cell type.”® Expression levels of
biomarkers or receptors on a cell are variable; for instance,
overexpression can occur in response to tissue neoplasm or
injury.”” However, the use of diagnostic biomarkers faces
various challenges, such as low concentrations of biomarkers
in biological samples and the heterogeneity in biomarker
expression across patients. The utilization of NPs with an
enhanced surface-to-volume ratio can offer increased sensitivity
and specificity required for biomolecular diagnostics.

Several advantages of NPs make them excellent candidates
for the detection and imaging of immune cells in patient
specimens. Firstly, NPs can be engineered to achieve enhanced
sensitivity, e.g., by carrying fluorescent dyes or other markers,
enabling highly sensitive detection of immune cells and mole-
cules. This improved sensitivity of NPs allows for the detection
of low-abundance targets, providing a more comprehensive
understanding of the immune response. Second, NPs are
characterized by high chemical, biological, and signal stability.
NPs can be designed to be stable in various biological environ-
ments, including blood, tissues, and cellular compartments.
This stability ensures the integrity of immune profiling over
time, allowing for reliable and reproducible results. Third,
many NPs are either biocompatible or biodegradable, minimiz-
ing adverse effects on immune cells and tissues. This ensures
the safety of NP-based assays for both in vitro and in vivo
applications. Fourth, NPs can be engineered to achieve high
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binding avidity to immune cells and deliver immune-modulating
agents, such as antigens, adjuvants, or drugs, directly to immune
cells. Fifth, NPs can be designed for multimodal detection,
enabling the simultaneous use of various imaging modalities.
Finally, multiple batches of NPs, exhibiting unique barcoded
signals, can be engineered to simultaneously detect multiple
immune markers in a single assay or imaging acquisition.
Together, these characteristics have the potential to be har-
nessed toward the development of an entirely new imaging
strategy to profile the diverse cell types of the immune system.
Here, we review how NPs are already being utilized in several
detection-based biomedical assays and how they are being
further developed to offer unprecedented multiplexing capabil-
ities. We also offer a new perspective on the potential to exploit
and repurpose these unique characteristics of NPs to play a
significant role in the ever-evolving landscape of immune
profiling.

The ability to actively target cells of interest, coupled with
distinctive physicochemical properties, positions NPs as an
appealing technology in a broad range of biomedical applica-
tions. Quantum dots (QDs), gold nanoparticles (AuNPs), silica
nanoparticles (SiO, NPs), and polymeric-based nanocarriers
(PNCs) represent four of the most common types of NP-based
probes employed in the detection of cancer and will be further
discussed in the following sections.”®

4.1. Nanoparticle-based contrast agents for biomarker
detection and biomedical imaging

One important advantage of NPs is their ability to achieve
multivalent binding with their intended target. Multivalent
binding, also known as polyvalent binding, involves the simul-
taneous attachment of multiple ligands on one biological entity
to multiple receptors on another. These interactions occur
naturally, such as viruses targeting cells and the binding of
antibodies to pathogens,”® which have inspired synthetic multi-
valent systems.®® Engineered NPs frequently include multiple
copies of the targeting ligand, which facilitates multiple binding
events. Multivalent interactions are collectively stronger than the
corresponding monovalent interactions, thus improving the
binding ability of NPs to the receptors on the target cell.*!
Alongside the ability to complete multivalent interactions,
NPs can additionally be useful because of their distinct detec-
tion properties. Luminescent semiconductor nanocrystals, or
QDs, with a core diameter of 2-10 nm, are utilized in imaging
applications because of their improved photostability and
photoluminescence, which can be tuned based on the chemical
composition.®* The properties of QDs result from quantum-size
confinement, which occurs when metal and semiconductor
particles are smaller than their exciton Bohr radii (ca. 1-5 nm).
Cd(un) and Pb(u) have been used as the base metal for the
fluorescent core of QDs.** More recently, toxicity concerns
due to the leaching of heavy metals facilitated the integration
of new materials such as Ag(1), Cu(i), and carbon dots.?*"*® The
narrow, tunable, and symmetric emission spectra and photo-
chemical stability of QDs, as compared to conventional fluor-
escent dyes, render QDs ideal for biological imaging.®”'%®
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Therefore, QDs have been used extensively for molecular and
cellular labeling.® As such, QDs hold promise for quantitative
multiplexed molecular profiling, of growing importance as
prognostic and pharmacodynamic models increasingly rely on
multiple co-localized biomarkers.

Metallic NPs such as AuNPs and AgNPs exhibit localized
surface plasmon resonance (LSPR), which is an intense reso-
nance measured through Rayleigh scattering” and is highly
sensitive to surrounding changes in media. As a result, colori-
metric sensing is possible due to the shift of the LSPR through
solvent changes or surface chemical binding.”" Additionally,
the LSPR effect gives rise to drastically increased intensities of
Raman scattering signals. Thus, metallic NPs are uniquely
suited as cores for constructing surface-enhanced Raman scat-
tering (SERS) NPs, also known as SERS nanotags. The SERS
technique has gained popularity in bioanalysis because of its
ultrahigh sensitivity, specificity, and ability to provide unique
“fingerprint” chemical and conformational information of
biomolecules.”> The most widely used plasmonic substrates
for fabricating SERS nanotags are AuNPs of various morpho-
logies, such as spheres,”* rods,”>°® and stars.””*° The utili-
zation of AuNPs as Raman signal enhancers allows for the
detection of clear distinct vibrational spectra, and this has been
widely utilized in biomedical applications to detect and visua-
lize specific analytes such as RNA/DNA, proteins, and cellular
components.’®®'% There has been additional utilization of
the Raman imaging technique in isolating tumor cells. For
instance, the feasibility of utilizing SERS imaging for character-
izing excised tumor tissues and in vivo tumors has been proven
in experiments.'®**®* Tumor margins can be delineated by
intraoperative SERS imaging, which is beneficial for guiding
surgeons to fully excise malignant tissue.'®>%”

4.2. Nanoparticles in point-of-care (POC) applications

The ability to actively target cells, along with detecting their
optical properties, has already made NPs ideally suited for
point-of-care (POC) applications, including lateral flow assay
(LFA) used in food safety and clinical diagnoses. A typical LFA
test contains two main components: a mobile phase and a
stationary phase. When a sample (mobile phase) is applied to
the sample pad (stationary phase), it is drawn by capillary
forces through the device to the conjugate pad. If the sample
contains the target analyte, the analyte will bind to the label.
Commercialized LFAs typically use a colorimetric label that
does not require instrumentation and skilled personnel to
interpret, making it affordable and accessible.

AuNPs are widely used as labeling material in LFAs due to
their high extinction coefficient, affordability, stability, and
easy functionalization. For instance, AuNPs conjugated with
peptides have been utilized in the detection of African swine
fever virus with high sensitivity and specificity in 10 min.'*® In a
typical LFA test, the detection of the analyte depends on the
label sensitivity and signal transduction. AuNPs serve as a
traditional colorimetric label and can also be used with other
modalities such as SERS, fluorescence, and enzyme mimicking,
thereby enhancing their sensitivity and versatility in LFA

This journal is © The Royal Society of Chemistry 2024
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applications."® For example, the LSPR of AuNPs was used to
enhance the signal-to-noise ratio when sensing for human
chorionic gonadotrophin (HCG) in pregnancy tests, allowing
an improved detection limit of 1 pg mL™*.''® This increased
sensitivity and strong color in the visible region have been
utilized in a multitude of applications and continue to be
employed to detect novel pathogens.'"**

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pathogen is responsible for the coronavirus disease
(COVID-19) pandemic, which has affected millions of lives
around the world. The predominant and standard method for
laboratory diagnosis of COVID-19 is RT-PCR.'™® However, this
method has drawbacks, including the long extraction proce-
dure and unsuitability for on-site detection. False negatives also
occur with RT-PCR due to unstable reagents, low viral load in
the sample, and improper sampling.'**"**® The method addi-
tionally relies on the experience of the operators and the ability
to maintain a cold chain support for reagents for transportation
and storage. Researchers developed a rapid diagnostic test that
was easy to perform on-site by creating functionalized AuNPs to
detect the IgM and IgG antibodies against the SARS-CoV-2
"7 The simple synthesis, excellent stability, and specific
binding force of AuNPs contributed to the improved accessi-
bility and cost of the test.**”*2°

Multiplexed LFAs have been used to further improve effi-
ciency and diagnostic precision. Multiplex immunochromato-
graphic test strip (ICTS) nanosensors have been widely used for
simultaneous multi-target detection because they are simple
and cost-effective. For example, Wu et al. demonstrated a bare-
eye detectable readout and independence of complicated
equipment using colored NPs for simultaneous and quantita-
tive detection of 4 common mycotoxins found in corn.'*! The
four different-colored AuNPs were linked to corresponding
monoclonal antibodies and selectively bonded to spatially
distinct lines on a single test strip. This successfully achieved
the simultaneous visual detection of these toxins, providing a
simple and rapid detection platform that highlights the bene-
ficial ability of NP multiplexing.

Alongside the traditional colorimetric methods, the detec-
tion of target proteins by NP-based fluorescence and SERS LFAs
has been proposed. For example, QDs embedded in silica-
encapsulated NPs were used to improve the sensitivity of
exosome detection. Exosomes have recently gained interest as
biomarkers for monitoring diagnosis and prognosis of various
diseases. The detection limit using this NP-based approach was
11 times better than the previously reported limits, demonstrat-
ing highly sensitive active targeting with NPs.'** Using SERS
NPs, Zhang et al. were able to rapidly quantify 11 common
respiratory tract infection (RTI) pathogens with a broad
dynamic range and high sensitivity on a single lateral flow
microarray.'*?

virus.

4.3. Nanoparticles for multiplexed detection and imaging

Accurately profiling multiple immune cells simultaneously
faces a challenge due to the large variety of cell types as well
as the significant variety in molecular profiles among cancer

This journal is © The Royal Society of Chemistry 2024
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patients both spatially and temporally. NP-based contrast
agents are a promising tool for immune profiling, as they can
possess the following properties: (i) high sensitivity; (ii) high
binding specificity; (iii) biocompatibility; (iv) possibility of sur-
face modification; (v) photo- and chemical stability; (vi) multi-
plexing ability; and (vii) reproducibility. Researchers are
utilizing the many advantages of NPs to facilitate multiplexed
imaging of extensive arrays of cancer and immune biomarkers.
This approach has the potential to enable the prediction and
monitoring of therapeutic response and enhance effective drug
development. Various types of NPs can be used in immune
profiling and will be further discussed here.

4.3.1. Multiplexing with fluorophore-doped NPs. Neverthe-
less, while there are plenty of fluorescent dyes known to be used
for multiplexed imaging, the fluorescence signal from dye
molecules is relatively weak, and the dye molecules are suscep-
tible to irreversible photobleaching. To address these and other
issues, dye-barcoded NPs have been investigated to serve as
alternative substrates for multiplexed bioassays. Therefore,
fluorescent dyes and pigments can be encapsulated non-
covalently within liposomes.'** For example, Go et al. incorpo-
rated 1,1’-dioctadecyl-3,3,3',3’-tetramethylindotricarbocyanine
iodide (DiR) and 3,3’-dioctadecyloxacarbocyanine perchlorate
(DiO) fluorescent dyes into STING agonist-loaded positively
charged liposomes.” These liposomes were designed for
systemic delivery and to preferentially target the TME, over-
coming the limitations of STING agonists in clinical trials.
Although liposomes are known for their therapeutic applica-
tions, their potential in multiplexed immune profiling has yet
to be discovered."*®

Furthermore, amorphous polymers such as polystyrene or
latex have been employed to encapsulate commonly used
fluorescent dyes to produce microspheres and thus facilitate
multicolor experiments. For instance, commercially available
energy-transfer fluorescent beads TransFluoSpheres (Molecular
Probes) are produced with 10 different fluorescent colors in 10
different nominal bead diameters (from 20 nm to 15 pm)."*”*?8
For molecular imaging applications, the TransFluoSpheres beads
have a high density of pendent carboxylic acids on their surface,
making them suitable for covalent coupling with proteins and
other amine-containing biomolecules via water-soluble carbo-
diimide reagents such as 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDAC).

Compared to polymer-based NPs, dye doping of SiO, NPs is
straightforward and versatile enough to allow for different dyes
and drugs to be incorporated in the silica matrix.**® Further-
more, controlling synthetic parameters allows for the creation
of NPs with different sizes. Their adaptable and well-
understood chemistry enables simple and straightforward ways
to modify the NP surface chemistry to provide reactive sites for
further functionalization.'®° Silica NPs are easy to isolate via
centrifugation during particle preparation processes due to the
high density of silica. Additionally, SiO, NPs are hydrophilic,
biocompatible, biodegradable, and resistant to microbial
attack. Apart from other advantages of SiO,-based NPs, they
do not swell or change porosity with different pH changes,
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while polymer particles are hydrophobic, can agglomerate in
aqueous medium, and swell in organic solvents, leading to dye
leakage. 31132

Fluorescence resonance energy transfer (FRET) has been
utilized as a technique for creating fluorescently barcoded
SiO, NPs to enable multiplexed bio-imaging."*" In their work,
Chen et al. demonstrated active targeting of Ramos cells
(B lymphocyte, Burkitt’s lymphoma), CCRF-CEM cells (T lym-
phoblast, acute lymphoblastic leukemia), and Toledo cells
(B lymphocyte, diffuse large cell lymphoma) with aptamer-
conjugated single-dye-, dual-dye-, and triple-dye-doped silica
NPs.'*® For synthesis of dye-doped 60-nm silica NPs and
sequential multiplexed FRET imaging, the authors used fluor-
escein amidites (FAM), rhodamine 6G (R6G), and 6-carboxyl-
X-rhodamine (ROX). With a varied ratio of 3 tandem dyes
co-encapsulated in SiO, NPs, these imaging probes exhibit
multiple colors when excited by a single wavelength. The
covalent tri-chromophoric doping was achieved in two steps:
(i) attaching amine-reactive dye molecules to (3-aminopropyl)tri-
ethoxysilane (APTES); (ii) adding the dye-APTES into hydrolysis
reaction of tetraethyl orthosilicate (TEOS) known as Stober pro-
cess. This approach can be further extended to include more than
3 chromophores. Fluorophore-doped silica NPs are characterized
by uniformity, high fluorescence intensity, and photostability, and
they can be easily conjugated with biomolecules such as proteins
and nucleic acids.

Among this type of NPs, only <10 nm-sized polyethylene
glycol (PEG)-coated fluorescent core-shell SiO, NPs - referred
to as “Cornell dots,” or C dots - have been approved by the U.S.
Food and Drug Administration (FDA) as an investigational new
drug for first in-human clinical trials."** The C dots were
originally created in the group led by U.B. Wiesner."*>™**® The
ultrasmall size of the C dots is below the cutoff for renal
clearance, making them safer and more efficient than previous
drug delivery vehicles. In 2014, the first clinical trial results
with melanoma patients were shown to be encouraging.'*®
Elucida Oncology Inc. has further developed the C’ dots and
the first patient has been treated with folate receptor alpha
(FRa)-targeted C’ dot drug conjugate in 2023 as a part of the
Phase 1/2 trial. Ma et al. demonstrated the incorporation of 5
different dyes: cyanine 5 dye (Cy5), Cy5.5, thodamine green
(RhG), tetramethylrhodamine (TMR), Dyomics 782 (DY782),
and IRDye 800CW (CW800), into C’ dots (Fig. 5A)."*° The bio-
targeted C’ dots consisted of a ca. 3-nm-diameter SiO, core
encapsulating one Cy5 fluorophore molecule, a ca. 0.5-nm-thick
silica shell, a ca. 1.5-nm-thick PEG layer, and 16 c¢(RGDyC)
targeting ligands. The prepared C’ dots comprised ca. 800 SiO,
units and ca. 100 PEG chains on the NP surface. The overall NP
size was ca. 7.5 nm with ca. 110 kDa molar mass. Fluorescence
correlation spectroscopy (FCS) measurements were conducted
using a home-built FCS setup with a 488 nm excitation for the
RhG-SiO, NPs, 543 nm - for the TMR-SiO, NPs, 633 nm - for the
Cy5- and Cy5.5-SiO, NPs, 785 nm - for the DY782- and CW800-
SiO, NPs. Additionally, the researchers demonstrated that the
optical characteristics of these NPs can be tuned from the
visible into the NIR part of the optical spectrum.
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4.3.2. Multiplexing with quantum dots (QDs). Since the
2000s, fluorescent semiconductor NPs, or QDs, have garnered
significant attention in the field of multiplexed bio-sensing
because of their broad excitation spectra, sharp, defined, and
tunable emission spectra, narrow bands with FWHM ca. 30 nm,
and ultrasmall sizes (Fig. 5B)."*>'*® While commonly used
fluorophores typically exhibit asymmetric emission spectra,
often tailing to the long-wavelength side (Fig. 5A, ii), QDs
possess symmetric emission peaks with Gaussian profiles'*"'%”
(Fig. 5, iii), which is significantly advantageous for accurate
quantitative multiplexing."*® These optical properties render
QDs ideal agents for wavelength-and-intensity multiplexing. In a
proof-of-concept investigation, Han et al. estimated that up to
10° nucleic acid or protein sequences can be theoretically bar-
coded by QDs with 6 colors in 10 different intensities using
polymer microbeads.'*®

Although QDs possess many unique and valuable proper-
ties, their usage in multiplexed imaging is still limited. Typi-
cally, QDs are made of metallic and inorganic elements (Cd, Pb,
Te, Zn, Al, Ga, S, Se, As, In, etc.), which are known for their
toxicity in biological systems.'*® Therefore, the cytotoxicity of
QDs is a serious concern for in vivo applications.'*' Biocompat-
ibility can be achieved by coating QDs with biocompatible
materials, and toxicity can be minimized by adopting alterna-
tive synthesis methods to limit the leaching of the metal
ions."> The major challenge QDs face for tissue imaging is
the reproducibility of their synthesis and bioconjugation:
QDs are relatively difficult to prepare reproducibly, and the
chemistry of their surface modification is still being actively
studied.”*'*® Additionally, the “blinking” effect is a limiting
factor for raster scanning systems such as confocal microscopy
and flow cytometry.

4.3.3. Multiplexing with upconversion nanoparticles (UCNPs).
Most photoluminescence-based conventional contrast agents have
Stokes-shifted emission with excitation in the ultraviolet (UV) or
blue-green visible spectral ranges. This leads to several limitations:
(i) a low signal-to-background ratio caused by autofluorescence and
strong light scattering from biological tissues when excited at short
wavelengths; (ii) a low penetration depth of UV and visible excita-
tion and/or emission light in biological tissues; and (iii) potential
DNA damage and cell death due to long-term exposure to short
wavelengths, particularly UV excitation.'®® Therefore, lanthanide-
doped UCNPs have become a promising new generation of imaging
agents for biomedical applications. Upconversion utilizes sequen-
tial absorption of multiple photons with long lifetimes and real
ladder-like energy levels of trivalent lanthanide ions embedded in
an appropriate inorganic host lattice to produce higher energy anti-
Stokes luminescence (Fig. 5C). UCNPs are constructed as dilute
guest-host systems where trivalent lanthanide ions are dispersed as
a guest in an appropriate dielectric host lattice with dimensions of
less than 100 nm (Fig. 5C, iii). Fan et al engineered NIR-II
lanthanide UCNPs to create 11 distinct lifetime channels for
multiplexed in vivo imaging.'** In proof-of-concept experiments
with progesterone receptor (PR), estrogen receptor (ER), and HER2
in breast cancer xenograft in mice, ca. 6-8 mm penetration depth
was demonstrated. To achieve a high level of multiplexing in vivo,

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Fluorescence-based multiplexing potential of NPs. (A) Fluorophore-doped NPs. Examples include (i) a schematic of fluorophore-doped SiO, NPs;
(i) normalized absorbance and emission spectra of SiO, NPs (C’ dots) with different dyes/colors; (iii) a photograph showing the solution appearance of
SiO, NPs derived from different color dyes (adapted with permission from ref. 140. Copyright 2015 American Chemical Society). (B) Quantum dots.
(i) Principle of emission of light along with examples of (ii) a schematic of ZnSe/InP/ZnS core/shell/shell NP structure: wide-bandgap ZnSe core acts as a
spacer around which the optically active InP shell is wrapped and SEM micrographs; (iii) normalized photoluminescence spectra of QDs with increasing
InP deposition: InP QDs can emit at longer wavelengths and are tunable with shell thickness; (iv) QDs under UV illumination (digital camera internal
IR-blocking filter removed to show visible and NIR emission) (adapted with permission from ref. 141. Copyright 2021 American Chemical Society).
(C) Upconversion NPs. (i) Principle of emission of light along with examples of (ii) general core—shell strategies for spatial confinement of lanthanide
dopants in the host lattice of a NP (adapted with permission from ref. 142. Copyright 2014 American Chemical Society); (iii) typical UC emissions, ranging
from the UV to NIR regions, from Yb3*—Er** and Yb3*-Tm>* co-doped UCNPs under 980 nm excitation (reproduced from ref. 143 with permission
from the Royal Society of Chemistry); (iv) lifetime coding based on PDMS beads encapsulating Ho and Er NPs and decoding scheme to identify every

individual bead.**

the authors utilized lifetime-based coding of different information
carriers by encapsulating the as-prepared Er and Ho NPs into 1 mm
polydimethylsiloxane (PDMS) beads. Each bead represented a two-
digit code, with one digit corresponding to the Ho®" luminescence
at 1155 nm and the other to the Er** emission at 1525 nm. It was
hypothesized that this energy relay approach, implemented in the
core-multi-shell nanostructure, could facilitate fine-tuning of the
luminescence lifetime over a dynamic range as large as 3 orders of
magnitude. Thus, a matrix comprising 10° individual time-domain
codes could potentially be generated, opening new opportunities
for flow and image cytometry for POC diagnostics.

4.3.4. Multiplexing with carbon nanotubes (CNTs). Over
the past two decades, carbon nanotubes (CNTs) have been
investigated for various biological applications, including
molecular delivery,>* sensing, and detection,'*® as well as
imaging."*®"*” Single-walled carbon nanotubes (SWCNTs)
represent one-dimensional materials with distinct intrinsic
optical features, such as NIR photoluminescence™>*'*® and robust
resonant Raman signatures.'>® Raman scattering spectra consist

This journal is © The Royal Society of Chemistry 2024

of unique combinations of narrow peaks with FWHM within a few
nm, allowing for improved multiplexing capabilities in imaging.
SWCNTs with different *C/*>C isotope compositions were
demonstrated to display shifted Raman G-band peaks. Therefore,
Liu et al. isotopically modified SWCNTs by using mixtures of
methane-C and methane-">C in chemical vapor deposition
(CVD) growth of CNTs.'*® SWCNT samples were grown with gas
phase **C ratios of 100, 65, 50, 25, and 0%, which allowed the
observation of Raman G-band peaks at 1529, 1546, 1559, 1575,
and 1590 cm ™', defined as Colors 1-5, respectively (Fig. 6). This
distinct shift of G-bands by ca. 15 cm ' enabled the use of
SWCNTs, first, in 3-plex Raman imaging of live cells.'®" Then,
SWCNTs were successfully utilized in 5-plex Raman imaging of
cells: MB-468 breast cancer, U§7MG brain cancer, LS174T colon
cancer, and Raji B-cell lymphoma, and BT474 breast cancer cell
lines; and ex vivo LS174T human colon tumor xenograft grown in
nude mice."®

4.3.5. Multiplexing with polymeric nanocarriers (PNCs).
For improving multiplexing capabilities, various PNCs can be
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Fig. 6 Raman scattering-based multiplexing capabilities of SWCNTSs:
example of five-color Raman imaging of cancer cells. (A) Five types of
isotopically modified SWCNTs with average length of ca. 150 nm, grown
from FeRu catalysts, conjugated with different targeting species: Erbitux
anti-EGFR, RGD peptide, anti-CEA, Rituxan anti-CD20, and Herceptin anti-
HER2. SWCNTSs with 5 different **C percentages of 100, 65, 50, 25, and 0%,
respectively, which exhibit 5 distinct Raman peaks shown in (B) and coined
as ‘colors’; (B) Raman spectra of the five different SWCNTs in aqueous
solutions, where the shift of SWCNT Raman G-band peak is dependent on
the C/*2C ratio in the SWCNTSs. The average shift between two adjacent
colors is ca. 15 cm™%; (C) different cancer cell lines were stained by a 5-
color multiplexed SWCNT mixture for Raman imaging (5 top rows: scale
bars represent 10 um); all 5 types of cancer cells were mixed and then
incubated with the five-color SWCNT mixture (bottom row: scale bars
represent 40 um) (adapted with permission from ref. 160. Copyright 2010
Springer Nature).

labeled with tags characterized by narrower peaks compared
to fluorescent probes. Examples include MS-**> and Raman
scattering-based tags.'®?

The applicability of MS-tagging of PNCs has been limited
due to the challenges of detecting polymers directly in complex
biological samples. However, in 2022, Agrohia et al. reported
metal-coded mass tags (MMTs) that enable multiple PNCs to be
detected and quantified simultaneously. These MMTs consist
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of a cyclic ligand: 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), which forms strong complexes with
Tb, Tm, Y, and Ho metal ions.’®* So far, this ICP-MS-based
approach has been demonstrated on digested cell samples.

A group led by W. Min developed expanded panels of Raman
dyes: 24 vibrational colors of Manhattan Raman scattering
(MARS) dyes'®* and 20 polyynes with distinct Raman frequen-
cies known as ‘Carbon rainbow’, or Carbow.®® The vibrational
palettes were prepared by isotopically editing alkynes.'®® Sti-
mulated Raman scattering (SRS) imaging techniques were used
to provide substantial signal amplification, accelerate speed,
and decrease levels of autofluorescence. However, these small
molecule probes must be custom-designed to be water-soluble,
non-cytotoxic, and detectable at low concentrations for live-cell
imaging. Therefore, the researchers suggested incorporating
the SRS imaging probes into polymeric NPs made of latex'®”
and coherent anti-Stokes Raman scattering (CARS) probes in
polystyrene beads (Rdots)."®®

4.3.6. Multiplexing with surface-enhanced Raman scatter-
ing nanoparticles (SERS NPs). The main advantage of Raman
spectroscopy compared to other imaging modalities, such as
fluorescence spectroscopy, is its narrow vibrational peaks,
allowing for the distinction between different spectral signa-
tures and thus the ability to detect multiple targets in a
biological sample simultaneously. However, Raman scattering
is a notoriously weak effect, producing only one inelastically
scattered photon for every 10” elastically scattered photons.'®’
The discovery of the SERS effect based on an LSPR allowed for
an increase in the sensitivity of Raman imaging by several
orders of magnitude. Various small molecules adsorbed onto a
nano-roughened noble metal surface experience a drastic
increase in the incident electromagnetic field, resulting in a
Raman effect several orders of magnitude higher. In the
molecular imaging field, this effect has been used to create
Raman-active gold or silver SERS NPs, or SERS nanotags, that
have the potential to be used as molecular imaging contrast
agents. Importantly, several ‘flavors’ of SERS NPs can be created
by switching out the Raman reporter layer for multiplexing
(Fig. 7). Therefore, SERS has been shown to be an ideal tool for
highly sensitive and specific imaging that allows for multiple
targets to be evaluated simultaneously.

Sanchez-Purra et al. demonstrated 15 SERS NP types, all
exhibiting unique Raman spectra (Fig. 7A)."”° The Raman
reporters demonstrated different amounts of overlap with one
another. Notably, larger dye molecules such as brilliant cresyl
blue (BCB), crystal violet (CV), methylene blue (MB), malachite
green isocyanate (MG), methylene green (MEG), neutral red
(NR), rose bengal (RB), rhodamine 6G (R6G), and victoria blue
(VB) showed more complex spectra. The SERS NPs labeled with
these dyes were characterized by a higher number of peaks, and
thus a higher degree of overlap quantified in a correlation
matrix built from the SERS spectra. This spectral overlap
was shown to decrease the multiplexing capabilities of
Raman imaging with the commonly used NIR dyes as Raman
reporters.””" The degree of spectral overlap and the accuracy of
spectral unmixing were evaluated using density functional

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Multiplexing capabilities of SERS NPs. Examples of extended spectral libraries of SERS NPs: (A) SERS spectra of the 15 selected Raman reporters on
gold nanostars (adopted with permission from ref. 170. Copyright Authors); (B) SERS spectra of 11 representative SERS-encoded NP colloids from a
31-membered panel (adopted with permission from ref. 93. Copyright 2015 American Chemical Society); (C) uniquely identifiable spectra, shown here
after baseline subtraction and averaging for a 28-membered SERRS NP panel (adopted with permission from ref. 98. Copyright Authors); (D) Raman
signatures from a 26-membered library of SERS NPs (adopted with permission from ref. 94. Copyright 2022 American Chemical Society).

theory (DFT) calculations,'”® correlation matrices, condition

numbers, and Raman imaging experiments. Using custom-
synthesized NIR dyes as Raman reporters, Andreou et al.
demonstrated the ability to prepare 28 distinct SERS NP types
(Fig. 7C).%® Eight of the 28 SERS NPs were used for multiplexed
targeted imaging of 7 biomarkers: CD8, GITR, 4-1BB, CD11b,
NKp46, CD4, and PD-L1, in tumor xenografts in mice to assess
immune cell infiltration and response to treatment. Mir-Simon
et al. demonstrated that at least 31 different small-molecule
Raman reporters can be bound to the surface of spherical AuNPs
while maintaining the colloidal stability of NPs (Fig. 7B).”> Ere-
mina et al. reported on a library of 26 SERS NP types (Fig. 7D),
which were successfully used for 26-plex imaging when
colocalized.’* The multiplexing potential of SERS NPs was demon-
strated for in vivo imaging, imaging of actively targeted cancer
cells, and on FFPE tissue sections (Table 2).°*"

4.4. Nanotechnology and spatial biology

Nanoparticles have already played an important role in offering
vital information to the field of spatial biology. Identifying cell
types, their relationship to one another, and the degree of
expression of signaling proteins are all key pieces of informa-
tion that can ultimately provide insights into the development
of effective treatments. For instance, Modi et al. describe the
use of synthetic DNA nanomachines to map spatial and tem-
poral pH changes associated with endosome maturation inside
living cells. The DNA nanodevices are assemblies that change

This journal is © The Royal Society of Chemistry 2024

states based on environmental cues, such as chemical stimuli.
In this application described by Modi et al., the GFP-conjugated
DNA nanomachines were successful in indicating pH changes
in hemocytes in vitro that could be used to report spatial and
temporal cellular changes associated with acidification in
tumor cells."®*

Healy et al. used HER2-targeted and non-targeted MnFe,0,
(MnFO) nanoferrite NPs to analyze the spatial distribution of
NPs within various stromal cells and HER2-expressing tumor
cells.'® Additionally, NPs can be used for delineating between
healthy and malignant tissue. For instance, Kircher et al
demonstrated how non-targeted triple-modality magnetic reso-
nance imaging-photoacoustic imaging-Raman imaging nano-
particles can accurately help visualize the margins of brain
tumors in living mice, both preoperatively and intraopera-
tively."®® Recently, Czaja et al. reported a novel Raman topo-
graphy imaging method to assist in surgical tumor resection,
which affords at least 26-plex 3D tumor surface profiles.'®”
Spatially relevant intracellular targeting and chemical nano-
imaging have been accomplished through the use of X-ray
fluorescence in conjunction with AuNP**® and QD'®° probes.
Furthermore, to reveal the complex spatial biology of tissue
samples, several groups have performed monoplexed and mul-
tiplexed studies on histology sections using QDs'?™%* and
SERS NPs.’*'94719¢ wang et al. reported the successful applica-
tion of SERS-active Au nanostars conjugated with a
fluorophore-labeled secondary antibody for selective staining
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Table 2 Examples of NPs previously used for multiplexed molecular imaging for biomedical applications
Plexity and

Type and size range method of
of NPs Application detection Ref. Advantages
Quantum dots (QDs) Molecular profiling on human FFPE  3-Plex 90 Signal brightness and photostability; tunable emis-
2-10 nm ovarian tumor and tonsil tissue sion spectra; narrow emission peaks; multiplexing

sections capability; small size with relatively high surface

Monitoring of molecular indicators  5-Plex 174 area; long-term stability; compatibility with

of angiogenesis in HUVEC cells advanced imaging techniques

Noninvasive and simultaneous 5-Plex 145

visualization of five separate

lymphatic flows draining in mice

Quantitative molecular profiles for 5-Plex; 25- 146

individual HeLa cells multicycle-

plex

Detecting rare tumor cells in tissue  5-Plex 175

biopsies of Hodgkin’s lymphoma

patients

Molecular profiling on human FFPE  5-Plex 176

breast cancer tissue biopsies
Fluorophore-doped NPs FRET-based molecular imaging with ~ 3-Plex 105 Enhanced brightness; photostability; versatile
10-100 nm single excitation surface chemistry; biocompatibility; controlled size;

Ultrasmall C’ dots 6-Plex 140 multimodal imaging; long circulation time
Single-walled carbon Molecular imaging of cancer cell 5-Plex 160 No quenching or bleaching; multimodal imaging;
nanotubes (SWCNTs) d lines and ex vivo tissue of colon simple yet intense Raman spectra; facile spectral
ca. 1 nm; 1 ca. 150 nm cancer xenograft deconvolution; chemical stability; longitudinal

imaging

Upconversion NPs Molecular targeting of 3 breast 11-Plex 144 Narrow emission bands (FWHM 10-50 nm), large
(UCNPs) 5-100 nm cancer biomarkers in vivo in tumor anti-Stokes shifts, low toxicity, high chemical sta-

xenografts at 6-8 mm depth bility, resistance to photobleaching and blinking
Polymeric nanocarriers Quantification of the PNC uptake 4-Plex (ICP- 162 High loading capacity; controlled release; bio-
(PNCs) 50-100 nm in cells MS) compatibility; versatility; incorporation of ther-

Multiplexed imaging in mammalian  6-Plex (SRS) 163 apeutic agents

cells and mouse frozen tissue

samples

Flow cytometry of MCF-7 breast 12-Plex 168

cancer cells stained by 12 different ~ (CARS)

Rdots
SERS NPs 50-200 nm Widefield quantitative imaging 4-Plex 177 Unprecedented multiplexing capability; enhanced

in vivo with NPs injected s.c. on the sensitivity; stability and biocompatibility; non-

dorsum of a nude mouse destructive imaging; multimodal imaging

Widefield molecular imaging of 4-Plex 178

biomarkers after simultaneous

topical application

Topical staining of ex vivo freshly 5-Plex 179,180

excised breast tissue after

lumpectomy or mastectomy

Monitoring early effects of immune  8-Plex 98

checkpoint blockade in tumor-

bearing mice

Multiplexing on human colon tissue  10-Plex 181

for endoscopic imaging

In vivo multiplexed imaging of NPs 10-Plex 182

injected s.c. and in liver after i.v.

injection

Ex vivo multiplexed imaging of ICI 10-Plex 183

Simultaneous visualization of 7 + 1 15-Plex 170

immunotherapy-related targets

In vivo multiplexed imaging of NPs  26-Plex 94

in liver after i.v. injection

FRET - fluorescence resonance energy transfer; ICP-MS - inductively coupled plasma mass spectrometry; SRS - stimulated Raman scattering;
CARS - coherent anti-Stokes scattering; HUVEC - human umbilical vein endothelial cells; s.c. - subcutaneous; i.v. - intravenous.

of HER2 on FFPE breast cancer tissue sections.' In their
study, Eremina et al. demonstrated that HER2-targeted SERS
NPs can be used for quantitative staining of FFPE tissue
sections. Notably, this work was seminal in the pursuit of
quantifying and validating NP-based molecular profiling on
an FFPE tissue section with the gold standard IHC stain.”

1914 | Nanoscale Horiz., 2024, 9,1896-1924

Using a ductal carcinoma in situ (DCIS) case, the authors
achieved a Pearson correlation coefficient between Raman
imaging results and chromogenic IHC stain of 0.96. Thus,
nanotechnology, and specifically NPs, have already started to
play a role in better understanding the spatial architecture
within biological tissue.

This journal is © The Royal Society of Chemistry 2024
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4.5. Nanoparticles and the immune system

It is well-established that NPs are capable of selectively binding
to target ligands in different cell types. The same functionality
can be used to track immune cells, such as T cells, %%
monocytes,”>*°° and NK cells.”®" For instance, glucose-
coated AuNPs have been used to label melanoma-specific
targeted T cells (Fig. 8A). These labeled immune cells circulated
in vivo and were able to be longitudinally traced using CT
imaging, supporting the applicability of AuNPs in immune cell
tracking.'®®

Magnetic nanoparticles (MNPs) have also been used for
in vivo tracking of immune cells for cell-based therapies and
immunological research. There is an increased demand for
multimodal imaging, and MNPs have been modified to include
indocyanine green (ICG) to allow for both magnetic resonance
(MR) and optical information to be obtained. The ‘ICGylation’
allowed for optical NIR fluorescence for in vivo and ex vivo
imaging, as well as enabling the hydrophobic MNPs to phase
transfer to aqueous media. Dendritic cells were successfully
labeled with the ICGylated MNPs to allow for in vivo detection
for over 3 days. Fluorescence imaging and in vivo MR imaging
were in accordance, indicating the success of using ICGylated
MNPs to track dendritic cells in vivo.>%”

Alongside the application of tracking immune cells, NPs
have also been used to modify the immune response towards
cancer to create more effective immunotherapies. AuNPs have
been used to enhance the NK immune response towards HIV-
infected T cells by increasing cell-to-cell contact, triggering a
cytotoxic response against the infected cells (Fig. 8B).>"'
Researchers have additionally utilized the functionality of
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PD-1, which promotes self-tolerance by suppressing the inflam-
matory activity of T cells, to create a template magnetic peptide-
imprinted poly(ethylene-co-vinyl alcohol) composite NPs (MPIP
NPs). These MPIP NPs were found to significantly enhance the
activity of NK cells towards hepatocellular cancer cells, indicat-
ing promising utilization for NPs in immunotherapy as NK
checkpoint inhibitors.>

There is additional research supporting the functionality of
phagocytosed NPs. The mononuclear phagocyte system uptakes
and removes circulating NPs from the body, and typically,
in vivo targeting NPs are engineered to avoid this immune
response and increase circulation time. However, researchers
used the immune system’s natural uptake as an advantage
when they created colloidal gold nanorods to actively target
phagocytic macrophages that exhibit high intrinsic accumula-
tion and infiltration into solid tumors, causing cytotoxicity in
breast cancer cells.***

4.5.1. Utilizing nanoparticles in immune profiling. Various
benefits of NPs — their ideal size, targeting efficiency, detection
properties, sensitivity, and specificity - make them strong
candidates for improving immune profiling and spatial ima-
ging. The unique properties of NPs make them well-suited to
selectively bind to immune cells and allow for the visualization
of ROIs in diseased tissue. Being able to visualize ROIs within
the TME can contribute to the understanding of the spatial
architecture of the immune cell subsets, which largely reflects
the stage and grade of the disease. For instance, a research
group led by S. Nie demonstrated multiplexed staining using
QDs to facilitate the detection and characterization of tumor
cells in complex tissue microenvironments in clinical specimens
of Hodgkin’s lymphoma'’®> and prostate cancer*® cases (Fig. 9).
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Fig. 8 Nanomedicine for cancer immunotherapy. (A) T cell tracking: schematic diagram of the AuNP synthesis, conjugation to the PEG linker, and
covalent conjugation to glucose; T cells were labeled with AuNPs in vitro, the cells were then injected into mice and tracked in vivo using CT imaging;
time-dependent accumulation of targeted T cells at the tumor with maximum intensity projection of micro-CT scans (i) before T cell injection, (i) 24 h,
(iii) 48 h, and (iv) 72 h post injection (circles demarcate the T cell accumulation). Adapted with permission from ref. 198. Copyright 2015 American
Chemical Society. (B) Schematic of principle of polarized bispecific (pBiAb)-AuNPs in inducing cell-to-cell contact between HIV-expressing and NK cells;
confocal micrographs of HIV-expressing cells (stained with PKH67 in green and DAPI nuclei staining in blue) and primary NK cells (DAPI nuclei staining).
Both cell types were co-cultured at 1:1 ratio for 20 min in the presence of the pBiAb-AuNPs. Scale bars represent 5 um. Adapted with permission from
ref. 201. Copyright 2021 Elsevier.
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Fig. 9 Multiplexed spatial profiling with QDs on FFPE human tissue sections. (A) Schematic illustration of multiplexed tissue staining with QDs. Two
primary antibodies from two animal species (e.g., primary rabbit and mouse antibodies) are used to recognize two tissue antigens. After washing, a
mixture of two secondary antibody—QD conjugates is applied to stain the two primary antibodies. The same procedure is repeated using primary
antibodies for additional antigens, followed by the use of secondary antibody QD conjugates. Comparison of deconvolved QD images with conventional
single-marker IHC using adjacent tissue sections of lymph node biopsies. The deconvolved QD images were obtained from multiplexed QD data by
spectral imaging and separation. The single-marker IHC images were obtained from adjacent tissue sections following standard protocols. The protein
biomarkers are (i) CD45, (ii) CD30, (iii) Pax5, and (iv) CD15. Scale bar: 100 um. (v) Malignant HRS cells (red membrane, blue nuclear, and read/whitish Golgi)
are identified by a unique multiplexed staining pattern of CD30 positive (membrane staining), CD15 positive (Golgi staining), Pax5 positive (nuclear
staining), and CD45 negative. They are differentiated from infiltrating B cells (blue nuclear staining) and T cells (green membrane staining). A few
prominent HRS cells are indicated with arrows. Scale bar: 100 pm. (vi) Detailed view showing the distinct staining patterns of HRS cells, B cells, and T cells.
Scale bar: 10 um. Adopted with permission from ref. 175. Copyright 2010 American Chemical Society. (B) QD emission spectra and tissue
autofluorescence data used for color coding and spectral deconvolution. Four-biomarker multiplexed QD staining image (i) and single biomarker
IHC staining for E-cadherin (i) of adjacent prostate cancer tissue sections. The protein biomarkers in panels are E-cadherin (green), CK HMW (white), p63
(red), and AMACR (blue). Scale bars: 100 pum. (iii) Identification of single malignant tumor cells in a predominantly benign prostate gland by QD
multiplexed staining of four protein biomarkers. Scale bars: 20 um. Adopted with permission from ref. 205. Copyright 2010 American Chemical Society.

Multiplexed visualization of 4 biomarkers - CD45, CD30, Pax5,
and CD15 - enabled the identification of rare Hodgkin’s and
Reed-Sternberg (HRS) cells from infiltrating T and B lymphocytes
(Fig. 9A)."”> Additionally, staining of FFPE tissue sections with
targeted QDs allowed differentiation between Hodgkin’s lym-
phoma and benign lymphoid hyperplasia. In the prostate cancer
clinical study, multiplexed imaging of 4 targets — E-cadherin, CK
HMW, p63, and AMACR - using QDs enabled the detection of
structurally distinct prostate glands and single cancer cells within
the complex TME of radical prostatectomy and needle biopsy
specimens.?®® Staining with targeted QD565, QD605, QD655, and
QD705 enabled the characterization of the progressive morpho-
logical and molecular changes of a benign prostate gland to a
completely malignant gland. This study demonstrated the con-
venience of multiplexed imaging of FFPE tissue sections with NPs
for the study of tumor progression.”’> Improved understanding of

1916 | Nanoscale Horiz., 2024, 9, 1896-1924

the mechanisms driving tumor progression, coupled with more
meticulous classification, holds the potential for more efficient,
stage-specific, and personalized treatments. The application of
functionalized NPs, incorporating antibodies or other ligands as
previously discussed, can be employed on biological tissues and
specimens ex vivo, or on FFPE tissue slides to identify biomarkers
on tumors. The effectiveness of this approach is further heigh-
tened through the utilization of multiplexing.

4.6. Limitations and optimizations for use of nanoparticles
for immune profiling

Despite the promising potential of NPs to offer enhanced
sensitivity, multiplexing capabilities, and imaging contrast,
several design elements need careful consideration and further
optimization before they can be implemented -clinically.
Firstly, these elements include ensuring reproducible and

This journal is © The Royal Society of Chemistry 2024
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cost-effective large-scale synthesis of NPs, maximizing sensitiv-
ity, addressing biocompatibility and toxicity concerns, and
enabling effective delivery to their intended targets.?°®2°
To enable the clinical translation of NPs, researchers should
consider mitigating NP fabrication complexity and carefully
select the appropriate NP type for the intended clinical
application.”*"*° To achieve clinical approval for in vivo admin-
istration into humans, NPs must undergo comprehensive eva-
luations of their long-term biodistribution, degradability,
clearance, and toxicity. For instance, while lipid-based and
silica-based NPs have been shown to be biodegradable in the
body, many inorganic NPs raise concerns about biocompat-
ibility and stability, with some exceptions such as iron oxides
and manganese oxides, which are generally considered reason-
ably biodegradable and biocompatible. QDs often contain
heavy metals, such as cadmium and lead, which are highly
toxic even at low concentrations. Therefore, QDs with biocom-
patible coatings or those free of heavy metals, such as carbon-
based QDs (CQDs)*°® are being actively researched due to their
higher potential for the -clinical translation. AuNPs, for
instance, are chemically inert; but their long-term health effects
are still uncertain, especially since they have demonstrated
prolonged retention in the liver and spleen.”*®*'° Therefore,
recently, gold nanoclusters (AuNCs), which are ultrasmall clus-
ters of a total diameter less than 2 nm, have emerged as
promising agents for cancer diagnosis and treatment.>'"*'?
Due to their small size, these AuNCs are rapidly cleared by the
kidneys with minimal retention in the mononuclear phagocyte
system organs, such as the liver and spleen. Consequently, renally
clearable and biodegradable NP formulations are preferred for
in-vivo imaging applications to avoid long-term toxicity concerns.
Although non-biodegradable NPs are being further developed and
assessed for their use in vivo, they can still provide valuable
information about the immune system in ex vivo applications.
As previously mentioned, there are several ways that NPs are
cleverly being utilized to interrogate immune markers throughout
various types of ex vivo human specimens (e.g., fresh tissue,
histology sections, blood, etc.).”>"87213

5. Conclusions and future directions

As demonstrated by this review, the field of immune profiling is
ripe with opportunities to offer important insights to inform
the development of new therapeutic approaches. Within the
field of precision oncology, profiling the dynamic array of
immune cells across an individual patient’s tumor could aid
in our understanding of the complex interactions taking place
within the tumor microenvironment and lead to more effective
personalized treatment options. The field currently lacks a non-
destructive, multiplexed imaging approach that can rapidly
interrogate multiple immune features simultaneously in a
single imaging acquisition. Herein, we have summarized sev-
eral advantageous characteristics that NPs possess to overcome
these limitations and have highlighted key instances by which

This journal is © The Royal Society of Chemistry 2024
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investigators have successfully utilized NPs to advance our
understanding of the immune system.

Despite the aforementioned well-characterized benefits of NPs
for imaging applications, there remain opportunities to improve
their utilization across various biomedical applications through
further optimization and investigation. When considering NP
fabrication techniques, simpler synthetic methods should be prior-
itized that result in reproducible and stable imaging characteristics.
The ability of NPs to act as a consistent imaging beacon, with its
own detectable barcode, is essential to enable multiplexed imaging.
Their unprecedented multiplexing capabilities have, thus far, been
underutilized in the field and offer an exciting opportunity to
simultaneously profile a multitude of immune cells that reside
within a tumor, using a single imaging acquisition.

The resulting NP batches should also exhibit a homoge-
neous size distribution and a surface suitable for chemical
conjugation. The large surface area of NPs is advantageous for
attaching multiple targeting ligands, which enables high spe-
cificity in binding to intended targets. One of the most impor-
tant aspects for introducing NPs into immune profiling is
achieving high targeting specificity. Therefore, distinctive attri-
butes of NPs for enabling precise biotargeting need to be
comprehensively analyzed. This insight is crucial to ensure
the efficacy of actively targeted NPs within cellular environments
and to maintain control over the fabrication and conjugation of
NP-based contrast agents with biotargeting species. To address
this challenge and facilitate translation of NPs into real-world
biomedical applications, researchers need to focus on engineering
NPs with reproducible, well-characterized, and carefully opti-
mized parameters such as size distribution, charge, number of
fluorescent dyes, length of cross-linkers, and density of functional
groups and biotargeting species.>® The binding avidity and
reproducibility of active targeting by NPs can be effectively
assessed in flow cytometry experiments,>**'4

To sum up, we envision a bright future for NPs to play an
important role in immune profiling. NPs possess a multitude of
untapped characteristics that make them an ideal imaging
probe to unveil the complex cellular relationships that exist
among immune cells within the TME. Their high sensitivity,
multivalent binding, targeted delivery, biocompatibility, and
multiplexing capability along with easy customizability open
new horizons for profiling the immune system.
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