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ABSTRACT: Chemical exchange saturation transfer magnetic resonance imaging (CEST
MRI) enables the imaging of many endogenous and exogenous compounds with
exchangeable protons and protons experiencing dipolar coupling by using a label-free
approach. This provides an avenue for following interesting molecular events in vivo by
detecting the natural protons of molecules, such as the increase in amide protons of
proteins in brain tumors and the concentration of drugs reaching the target site. Neither of
these detections require metallic or radioactive labels and thus will not perturb the
molecular events happening in vivo. Yet, magnetization transfer processes such as chemical
exchange and dipolar coupling of protons are sensitive to the local environment. Hence,
the use of nanocarriers could enhance the CEST contrast by providing a relatively high
local concentration of contrast agents, considering the portion of the protons available for
exchange, optimizing the exchange rate, and utilizing molecular interactions. This review
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provides an overview of these factors to be considered for designing efficient CEST
contrast agents (CAs), and the molecular events that can be imaged using CEST MRI during disease progression and
treatment, as well as the nanocarriers for drug delivery and distribution for the evaluation of treatments.
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1. INTRODUCTION

Contrast enhanced imaging is essential for the identification of
abnormalities and pathologies in vivo. Among the clinical
imaging modalities, such as computed tomography (CT),
positron emission tomography (PET), and magnetic resonance
imaging (MRI), MRI is the only noninvasive imaging modality
that does not require ionizing radiation or radioactive tracers.
Gadolinium-based contrast agents (GBCAs) have been used
for tens of millions of MRI sessions every year.1 However,
nephrogenic systemic fibrosis has been found in renal-
compromised patients with frequent MRI examinations using
GBCAs, especially those GBCAs that have relatively low
stability where gadolinium ions could leak out and accumulate
in the body.” Thus, there is a need to detect key events or
molecular events that are necessary for the diagnosis and
monitoring of therapies without the use of metallic and
radioactive agents. Therefore, chemical exchange saturation
transfer (CEST) MRI has shown promises in the identification
of tumor recurrence from radiation necrosis based on the
protein content in vivo using the amide proton exchange.’”*
Since CEST detects proton exchange, which is inherently very
pH-sensitive, it enables the detection of the penumbra region
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in stroke based on pH maps using CEST contrast.” ™’

Moreover, many approved drugs have exchangeable protons
that can be detected by CEST without the need to add metallic
labels (a label-free approach).'” Overall, CEST MRI provides
valuable information about the proton exchange in vivo, either
using endogenous molecules or exogenous molecules with
protons for CEST. These molecular events would not be easily
detected by other imaging modalities, especially in a totally
noninvasive manner.

The study of proton exchange can provide insights into the
conformational and dynamic properties of macromolecules,
especially proteins and their interactions in vivo."' "> Tradi-
tionally, proton nuclear magnetic resonance (‘H NMR) is used
to detect the presence of exchangeable protons using the D,O
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spectrum of molecules or using a water exchange filter (WEX)
in phantoms.'* CEST has rapidly emerged as a powerful MR
imaging technique to detect proton since it was reported by
Ward and Balaban in 2000." Its contrast originates from the
continuous transfer of magnetization between frequency-
selective irradiated protons and bulk water protons. When
exchangeable protons are irradiated with a radio frequency
(RF) pulse, they can transfer this saturation to water through
chemical exchange (Figure 1A (i)). Additionally, such
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Figure 1. CEST and its relation to "H NMR. (A) Mechanism of
CEST contrast generation. i: Solute protons are saturated with
radiofrequency irradiation at their resonance frequency, and the
saturation is transferred to bulk water protons, while unsaturated
exchanging saturation, the CEST effect becomes visible on 'H-
spetrum/Z-spectrum at the proton’s resonance frequency (Aw).
iv: MTR,,,, is an analysis method of the Z-spectrum to remove the
direct saturation effect of water (MTRasym = S (—Aw)/Sy — S
(Aw)/Sy). (B) Glycogen with exchangeable hydroxyl groups
measured with '"H NMR (i) and CEST (ii) at various temperatures
in water. An elevated exchange rate caused by the increasing
temperature made the glycogen proton signal less visible, while the
CEST signal was more detectable. iii: Fast-exchanging glycogen in
PBS is more detectable at higher field strength due to higher
saturation efficiency. Reprinted with permission from ref 18.
Copyright 2011 John Wiley & Sons.

saturation transfer could also happen in RF-irradiated
nonexchangeable protons that engage in through-space dipolar
coupling with nearby protons. The coupled protons undergo
cross-relaxation, where the saturation is transferred to bulk
water.'® Chemical exchange and cross-relaxation could be
major components of the relaxation mechanism in biological
tissue in magnetization transfer experiments in vivo, and the
exchange between water and a series of metabolites and
exogenous diamagnetic compounds could then be measured by
CEST.">"” With the repeated saturation transfer, this
saturation effect will be detected as the reduction of bulk
water signal over a series of offset frequency at steady state,
hence the name Z-spectrum (Figure 1A (ji-iii))."® Notably, the
water resonance frequency is at 0 ppm in CEST experiments,
in contrast to that at 4.7 ppm in NMR. Although CEST shares
many similarities with NMR, factors such as temperature could
affect CEST and NMR spectra differently, as one is detecting
the exchange environment while the other is detecting the

chemical environment. The example of detecting glycogen
(Figure 1B) demonstrates such a difference. Exchange rate
increased when the temperature increased, thus resulting in an
excessive broadening of exchangeable hydroxyl proton signal in
NMR (Figure 1B (i)). While in CEST experiments (Figure 1B
(ii-iii)), by measuring the water signal, hydroxyl protons of
glycogen were readily detected.'® Given its contrast mecha-
nism, CEST is well-suited for label-free detection of a wide
range of endogenous and exogenous compounds where the
labile protons such as hydroxyl, amine, and amide protons are
exchanging at a slow-to-intermediate rate on an NMR time
scale.'®

Many endogenous molecules can be detected by CEST. For
example, amide proton transfer (APT) has shown success in
evaluating tumor grading, metabolism, genetic mutation status,
progression and recurrence, response to treatment, and has
gained FDA approval for the clinical use of molecular
assessment of brain tumors.”'""** Glutamate-weighted
CEST contrast has been detected in the brain and neurological
disorders.””** The guanidinium protons of creatine in the
brain and muscle can be imaged, indicating the molecular
kinetics.”* =’ Hydroxyl protons of sugar molecules, which are a
major category of biomolecules, can be detected via CEST and
serve as disease biomarkers indicating molecular alterations in
the brain, in tumors at multiple locations, in organs, and in the
knee.”*"** Non-exchangeable aliphatic protons can be detected
in CEST experiments, where saturation is transferred via cross-
relaxation and eventually relayed to bulk water, namely the
relayed nuclear Overhauser enhancement (rNOE).'® With
both rNOE and CEST being different processes under
magnetization transfer, they can be monitored simultaneously
on the downfield and upfield sides of Z-spectra in CEST
experiments. In addition to the rNOE signals observed in
proteins that are assigned to the side chains, INOE has been
observed in organized structures such as cell membranes and
liposomes, presumably originated from the choline component
or the aliphatic protons of lipid molecules.”*° Many studies
have been devoted to developing fast and accurate acquisition
and post-processing methods for decoupling other confound-
ing effects in vivo CEST signals and extracting essential
information for diagnosis and treatment evaluation.”” >’

Exogenous CEST detectable compounds are widely
exploited as CEST contrast agents (CEST CAs), further
aiding disease diagnosis and treatment monitoring. Compared
with traditional gadolinium-based contrast agents and iron-
based T, contrast agents, exogenous nonmetallic CEST CAs
have the advantages of high biocompatibility, the ability to
report on the molecular environment, and rapid translation to
the clinic. CEST CAs can be in the form of standalone
molecules, CEST-detectable carriers, or a combination of both.
They can be categorized based on size, structure, modes of
exchange, and the molecular events they are intended to probe.
Several excellent review articles have discussed CEST CAs
from various perspectives, such as the nature of the molecule,
type of the carrier, and application in specific diseases.'”**™>"
Furthermore, through careful selection and design of CEST
CAs, it is possible to obtain CAs with desirable properties,
including robust and stable CEST signals, and additional
insights into molecular interactions and alterations. This can be
achieved by choosing adequate CEST CAs with suitable
exchange and physicochemical properties to effectively
generate the desired contrast. In this review, we discuss how
the characteristics of CEST CAs determine their detectability
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of distinct proton exchanges, focusing on the nanocarrier
design aspect. This includes design criteria for exogenous
CEST CAs to maximize their CEST contrast efficiency,
followed by in vivo applications of non-metallic CEST CAs
with a focus on their local exchange environments and
molecular interactions. Further information about the CEST
mechanisms and technical aspects can be found in recent

. 37,38,50—66
reviews.

2. DESIGN CONSIDERATIONS FOR AN EFFICIENT
CEST CA

The detectability of CEST CAs is determined by the
physicochemical properties of the molecules and their
interactions with the local environment of the nanocarriers in
vivo. By understanding the properties of exchangeable protons
and their local environment, acquisition parameters such as
irradiation power and saturation duration could then be
optimized, which have been reviewed elsewhere.*”***>%” Here
we will focus on several factors that can be optimized through
CEST CA design and therefore directly modulate the CEST
contrast generated. An illustration of how the interplay of these
CEST factors could guide the design of CEST CA systems is
shown in Scheme 1B.

2.1. Local Concentration of CEST CA. One primary
motivation for designing CEST CAs is to increase the number
of magnetically equivalent protons for CEST detection to
improve sensitivity,”' especially for in vivo applications where
confounding factors could attenuate the signal of CEST CAs of
interest. It is important that the minimum concentration
threshold for CEST detection should be met. Generally, the
desirable concentration of exchangeable protons in small-
molecule CEST CAs is around a few millimolar (10™*—107"
M)."® The local concentration of protons can be increased by
incorporating CEST CAs into nanocarriers. Liposome is a
nanosized vesicle where the inner aqueous core is separated
from surrounding bulk water with a semipermeable lipid
bilayer. It remains the state-of-the-art for CEST CA system due
to its ability to carry high payloads of agents within its inner
core and increase the local drug concentration.*”** Small-
molecule diamagnetic CEST CAs can be encapsulated into the
liposome and generate CEST signals through proton exchange
with intraliposomal water.’® Nanomaterials with large numbers
of functionalizable sites are also favorable. In particular,
conjugation of small-molecule CEST CAs to dendrimers or
carbon dots with large number of modifiable surface functional
groups will also result in higher local concentration of
exchangeable protons.”””*~"* For example, the detection
sensitivity could be further increased to hundreds of micro-
molar when small-molecule CEST CAs, such as salicylic acid,
are conjugated to the dendrimer.”> This detection sensitivity
also depends on the properties of the nanocarriers, such as
water accessibility and interaction between exchangeable
protons.

Various clinically used therapeutic drugs and pharmaceutical
excipients exhibit CEST effects originating from exchangeable
moieties in their structure and could be directly utilized as
theranostic CEST CAs.'”*®”> Some less water-soluble
anticancer drugs can still be detected by CEST.'’ A way to
enhance their solubility and thus increase the concentration of
protons available for exchange is to use solvent—water mixture
systems with approved pharmaceutical excipient solvents, such
as ethanol.”® With the proper choice of solvent system, the
solubility of sparsely soluble drugs could be increased by

Scheme 1. (A) CEST CAs Enhance Contrasts at Distinct
Offset Frequencies from the Exchange of Protons from
—NH and —OH, and the Dipolar Coupling and Resulting
Magnetization Transfer of —CH.'*® (B) A Schematic
Nanocomposite Hydrogel Structure Demonstrating CEST
Considerations in the Rational Design for a CEST
Nanocarrier System”
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“i: Liposome carrying high payload of small-molecule CEST CAs
boosts the local concentration of exchangeable protons, which is
further maintained by incorporation into the hydrogel matrix.®*
Aliphatic protons from the phospholipid bilayer could offer additional
contrast for monitoring the liposome.*® ii, iii: Exchange rate is
modulated by liposome size and lipid bilayer composition (head-
group, carbon chain length, degree of saturation, and cholesterol
content) and therefore the water transfer across the bilayer.”*™"" iv:
The local exchange environment including pH affects the observed
contrast. v: Tunable surface properties such as charge and targeting
moieties allow targeted delivery of the cargo. (Created with
BioRender.com).

multiple-fold.76_78 Moreover, it is recently reported that a
series of commonly used polar solvents, including DMSO and
ethanol, are detectable at negative offset frequencies down to
1.25% v/v concentration in water.”” Therefore, it is feasible to
simultaneously monitor the CEST signal of the drug with
enhanced solubility and that of the solvent system at their
respective offsets.

2.2. Exchangeable Proton Fraction. The portion of
labile protons that participate in the exchange process can vary
in response to the change in structure or conformation induced
by the molecular environment. This characteristic has been
exploited to develop CEST CAs that are sensitive to the local
environment, where the CEST contrast of both drugs/agents
and their products are examined. Enzymatic cleavage can
expose functional groups that are previously not accessible to
water and exchange process, or “deactivate” functional groups
from generating CEST signal.**~** Several CEST CAs were
designed based on this principle and are referred to as
CatalyCEST. For example, Sinharay et al®’ synthesized a
compound with a cleavable sulfate group that masks the
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Figure 2. Chemical structure and interaction affect k., significantly. (A, B) Stereoelectronic effect on the CEST properties of phenol-based
CEST agents, showing modification at different positions affect k,, to different extents. Reprinted with permission from ref 95. Copyright
2014 John Wiley & Sons. (C) Illustration of the hydrogen-bonded sheet of paracetamol. Reprinted with permission from ref 96. Copyright

2021 The Authors. Published by the Royal Society of Chemistry.

salicylic acid moiety from producing CEST signal. By
observing the appearance of a salicylic acid CEST signal,
sulfatase enzyme activity can be indirectly monitored. With a
similar concept, alkaline phosphatase enzyme, y-glutamyl
transferase, kallikrein 6, and cathepsin B activity were also
detected by tailor-made CatalyCEST CAs.**™* For deactiva-
tion of CEST signal by enzyme, cytosine deaminase removes
the amine group from both CEST-detectable cytosine and 5-
fluorocytosine, catalyzing them into products that are not
CEST-detectable.*® Furthermore, deoxycytidine and its prod-
uct deoxycytidine triphosphate that metabolized by deoxy-
cytidine kinase, can be detected via CEST without synthetic
labeling due to their exchangeable amine protons resonating at
2 ppm.*” The activity of deoxycytidine kinase was then
measured in leukemia cancer xenografts by monitoring the
substrate and product. In addition to enzymes, aldehyde
(byproduct of vitamin B6 metabolism)-conditional CEST CAs
(termed HydrazoCEST) were also synthesized and demon-
strated the ability to report the presence of aromatic aldehyde.
CEST signal was generated upon the CEST CA undergoing
hydrazone formation with aldehyde.”

The performance of CEST CAs in vivo is markedly
influenced by the exchange environment convoluted by the
magnetization transfer effects of various types of biomolecules.
Proteins, a major category of biomolecule, exist in various
states and perform biological functions determined by their
structures. CEST MRI has demonstrated successes in detecting

proteins with exchangeable amide groups.3’91 Furthermore,

unfolding and aggregation of proteins were also detected by
exchange or NOE mediated CEST effect in heterogeneous
mixture of protein solution.”””® Such conformational changes
of protein would alter the accessibility of water, affecting both
the detection of the protein CEST effect and the
biodistribution of CEST CAs in the region. Therefore, taking
this altered exchanging fraction into account can guide the
design of effective conformation-sensitive CEST CA for
assessing protein pathology in neurodegenerative diseases,
including Alzheimer’s disease (AD) and Parkinson’s disease
(PD), where structurally diverse proteins are present.”*

2.3. Exchange Rate. The exchange rate (k) of CEST
CAs has multiple determinants, from the structure of the CA,
the type of carriers the CA associates with, and the exchange
environment. According to CEST theory, k., of the protons
should not exceed its frequency offset (i.e., Aw > k,,) in order
to generate the CEST signal. The study on phenolic
compounds serves as a good example of how phenol-based
analogs with different chemical structures can have drastically
different offset frequencies and k., due to different stereo-
electronic effects experienced by exchangeable protons (Figure
2A-B).”® Moreover, intramolecular and intermolecular hydro-
gen bonding also modulate k. Paracetamol, a common
analgesic drug, falls into the CEST-detectable range due to its
intermolecular hydrogen-bonded sheet structure (Figure
2C).”° To facilitate the development of clinical applications
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for CEST CAs, k., also needs to accommodate the common
clinical field strength at 3 T and an irradiation power within
the specific absorption rate (SAR).'>*>

In addition to hydrogen bonding, the pH also plays a crucial
role in the resulting k.. This could be exploited as a strategy to
modulate k., and render the exchanging moieties detectable.
For example, hydroxyl protons have an exchange rate at about
2300 s™" at pH 7.3, which belongs to the fast exchange regime
and could have attenuated CEST signal at physiological pH,
but enhanced contrast at acidic tumor microenvironment due
to reduced k,.”””® A thymidine-based compound is used as a
CEST imaging probe for herpes simplex virus type-1 thymidine
kinase, where optimal k., for the CEST CA was obtained when
the pK, increased.”” Mapping pH in vivo could be performed
using clinical iodinated CT agents iopamidol as well.'*>'*" 1t
has two peaks at 4.2 and 5.5 ppm originating from separate
amide groups on the iopamidol molecule with different pH
dependency. Therefore, by comparing the two peaks (the
ratiometric approach), in vivo pH could be accurately mapped
out with less influence by the concentration effect. Meanwhile,
CT agents with a single amide group can detect pH changes as
well since the CEST signal depends on the exchange rate and
saturation parameters, such as the irradiation power, allowing
another ratiometric approach for measuring pH.'”> This has
led to successful pH mapping with CT agents in preclinical
disease models and healthy volunteers.'**~"%

Utilization of nanocarriers could further improve CEST
contrast efficiency by modulating k.. For example, glucose
encapsulated in liposomes of different formulations demon-
strated a decrease of k, to different extents, highly related to
lipid bilayer permeability.”’ Dextran, a polysaccharide
composed of repeating glucose units, are present in different
molecular weights with abundant hydroxyl groups generating
contrast at around 1 ppm.'” k, of dextran is also pH-
dependent like that of glucose, with a rapid k., of ~3000 s at
pH 7.0 and turning into slow-to-medium regime at lower pH.”®
These characteristics have made dextran suitable for detecting
heterogeneous and acidic tumor environments.

Since the principle of CEST is the detection of the
magnetization transfer between solute protons and bulk
water, k., would be an important determinant for generating
CEST contrast. An effective CEST CA should have its k,
within a detectable range and be optimized for saturation and
acquisition parameters according to the field strength,
including the irradiation power and saturation duration. This
will depend on the specific application as well. For example,
the molecule of interest in an acidic tumor microenvironment
could be more detectable than at physiological pH; thus, the
local exchange environment including the biochemical
environment of the physio-/pathological processes must be
considered.”” The range of exchange rate for different chemical
groups is given in Scheme 1A. Ideally, k., of the CA should be
in slow-to-intermediate range, considering all the constraints
from acquisition, in vivo environment, and nanocarriers. As
shown in Figure 1B (ii), with lower k., (at 4 °C), the glycogen
signal is less prominent on the Z-spectrum. While increasing
k., it becomes more detectable. However, if k., continues
increasing, then the glycogen peak will coalesce with the water
peak and become no longer detectable. Acquisition and
quantification methods to identify the contribution of
exchanging species with distinct k., properties are extensively
studied by researchers as well.>>'%"'%®

In addition to CEST, other MRI methods sensitive to
chemical exchange have been used to detect molecules at
certain k., range.66 Saturation with frequency alternating RF
irradiation (SAFARI) acquires a series of images to remove
confounding magnetization transfer effects and measure
exchange rates smaller than 200 s™."'%” Another approach is
the variable delay multipulse (VDMP) that acquires two
VDMP images to detect molecules at k., < 100—150 s™" (slow-
to-intermediate) in a sensitive manner.''" Spin-lock imaging
applies a spin-locking RF pulse to select protons exchanging at
a specific k. It is sensitive to slow k., when the spin-lock is
applied at offset frequencies other than that of water at 0 ppm,
which has been applied to detect endogenous slow exchanging
amide protons. When it is applied at the water resonance
frequency, intermediate exchanging hydroxyl and amine
protons can be detected.'""

2.4. Molecular Motion and Interactions. Magnetization
transfer can be achieved through different pathways. Small
molecules that experience transient binding can participate in
the pathway and lead to the buildup of a pronounced
magnetization transfer effect. Macrocyclic-based nanocarriers
and liposomes play a crucial role in '*Xe HyperCEST to
ensure a sufficient amount of trapped xenon, an adequate
dissociation rate and exchange rate for CEST detection.'”

Detection of small biomolecules can be achieved by a CEST-
based method that is sensitive to molecular binding.
IMMOBILISE (IMaging of MOlecular Blnding using Ligand
Immobilization and Saturation Exchange) established a two-
step approach that involves the magnetization transfer from
—CH protons of mobile ligand in bound state to target
exchangeable protons and subsequently to bulk water through
chemical exchange. With repeated transfer through the target
and eventually to water, signal reduction (saturation) on the
water signal could be observed (Figure 3).""*''* Since the

(A) RF (B) RF (C) RF
HC—®Ligand HC—\Eigand HC—@Bigand
—-COO®
R ® R—C00® R—COO®
e HC-ligand e ® e
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Figure 3. Possible pathways for the NOE-based saturation transfer
of small-molecules undergoing electrostatic binding. Upon binding
to an immobilized resin, RF-labeled aliphatic protons could
transfer saturation intermolecularly to exchangeable protons on
the resin or to bound water (A, B) through spin-diffusion, then to
free water. The third pathway would be RF-labeled protons
transfer saturation intramolecularly to exchangeable protons on
the ligand and subsequently to water (C). Reprinted with
permission from ref 114. Copyright 2022 John Wiley and Sons.

IMMOBILISE signal is sensitive to weak to moderate (10" to
1077 M) binding affinity which is biologically relevant,
biomolecular interactions could be detected by this method.
For example, the binding of caffeine in rodent brain was
detected with IMMOBILISE." "’

In addition to biomolecules, biologically relevant ions (such
as Ca’) can be detected using 'F-CEST. Through the
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binding kinetics of Ca®', the magnetically labeled Ca-SF-
BAPTA (Ca** bound “F chelate) could transfer saturation to
free SF-BAPTA, resulting in a reduction of 'F signal at S
ppm.'"> Furthermore, detection of Zn®* and Fe®* at their
respective offsets can be achieved simultaneously with a
modified chelate, i.e., tetrafluorinated BAPTA (TF-
BAPTA).''°

3. LABEL-FREE IMAGING OF MOLECULAR EVENTS IN
Vivo

Along with the rapid development of CEST MRI for the label-
free imaging of biomolecules with protons for CEST, there are
a few hurdles to overcome. Most endogenous biomolecules
have functional groups exchanging at a range of 4 to —4 ppm
offset frequencies. Overlapping signals could make CEST
effects challenging to interpret, especially for offsets that are
close to the water peak. In addition, the complex exchange
environment in vivo could be an obstacle to the extraction of
CEST signals from molecules of interest. Thus, tailored CA
design, CEST acquisition, and postprocessing need to be
considered for in vivo applications. CEST CAs with different
sizes and architectures provide various advantages for the
detection of a series of molecular activities. Small-molecule
standalone CEST CAs, nanoparticle incorporated CEST CAs,
and nanocomposite hydrogel based CEST CAs will be
separately discussed and supplemented by their in vivo
applications.

3.1. Imaging Biological Processes by Enhanced CEST
Contrast via Compartmentalization. CEST detects the
distribution of small molecules in vivo. Natural p-glucose and
dextran of various molecular weight are utilized to study
glucose metabolism (Figure 4A) and vascular permeability
(Figure 4B), since their biodistribution is determined by
perfusion, uptake and utilization.””'®"'”"'® The different
uptake and utilization of D-glucose in tumors with different
aggressiveness could be detected by glucoCEST (Figure 4A).
Moreover, CT agents can be repurposed as CEST pH agents
such as iopamidol. By accessing the CEST contrast of
iopamidol at two offset frequencies, pH maps can be generated
to differentiate between normal and injured kidneys (Figure
4C).""" Some small-molecule CAs have CEST signals further
away from common endogenous molecules. Barbituric acid
and salicylic acid have CEST signal at 5 ppm and around 9
ppm respectively, which make them less overlapped with
endogenous signals.''”'*°

The use of nanocarriers has multifold benefits, including
tunable size and physicochemical properties, and controlled
release of the cargo. Importantly, CEST CA loaded nano-
carriers provide a relatively high local concentration, prolonged
circulation, and increased affinity/preferential accumulation at
the target site. An example illustrating the beneficial role of the
nanocarrier is glucose and dextran. With comparable CEST
properties (Section 2.3), dextran can serve as a nanocarrier
containing multiple glucose units, providing a high local
concentration of hydroxyl protons (e.g, Dexl with 6 glucose
units has 6 times more protons than glucose per molecule),
and it exhibited a relatively longer circulation time compared
to glucose.”® In Figure 4B, dextran of 70 kDa had enhanced
retention than that of 10 kDa dextran, providing a longer time
window for imaging.””'* By conjugating prostate-specific
membrane antigen (PSMA) onto dextran, it can target PSMA
expressing tumors.'
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Figure 4. Biodistribution of small-molecule CEST CAs. (A)
Natural p-glucose with hydroxyl groups injected into two mice
bearing MDA-MB-231 and MCF breast tumors. By subtracting
CEST map after p-glucose infusion from that of before, different
levels of glucoCEST signals were observed at each tumor region,
suggesting contribution from enlarged extravascular and extrac-
ellular space (EES) and its acidic environment. Reprinted with
permission from ref 97. Copyright 2012 John Wiley and Sons. (B)
i: Dextran of 10 and 70 kDa were injected to mice with
subcutaneous tumor, and CEST imaging was done at several
for CEST peaks shown in panel i that could originate from the
size-dependent dextran uptake by tumor. Reprinted with
permission from ref 106. Copyright 2017 John Wiley and Sons.
(C) pH maps obtained with the ratiometric CEST approach using
iopamidol overlaid on kidney anatomical images (top row: control
group; bottom row: AKI injection group) on various time points.
Dynamic processes of the rapid pH increase peaked at Day 3 of
AKI and the subsequent lowering of pH were imaged with CEST.
Reprinted with permission from ref 101. Copyright 2012 John
Wiley and Sons.

Besides dextran, liposomes and dendrimers are also utilized
to increase the local concentration and achieve preferential
accumulation. In Figure 5B, CEST detectable neuroprotectant
citicoline was loaded into liposome decorated with poly-
ethylene glycol (PEG) and vascular cell adhesion molecule 1
(VCAM-1) targeting moieties and achieved tar§eted delivery
to lesion with label-free imaging of the delivery.'”* Monitoring
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Figure S. CEST CAs in the nanoparticle form. (A) Salicylic acid
conjugated to dendrimer greatly increased the number of
exchangeable protons and showed enhanced contrast at the
tumor region. Reprinted with permission from ref 73. Copyright
2016 American Chemical Society. (B) VCAM-1 targeting liposome
encapsulating citicoline as a theranostic agent. i, ii: Schematic
diagram and CEST measurements of citicoline liposome. iii-v: T,
image of the ischemic lesion, and CEST parametric map
(MTRasym) of the brain before the liposome injection and after
1.5 h of injection showed preferential accumulation at the ischemic
lesion in rat brain. Reprinted under CC BY-NC License from ref
122. Copyright 2016 Ivyspring International Publisher. (C)
Mucus-penetrating liposome encapsulating CEST detectable
iohexol and its intranasal delivery to the olfactory bulb and
frontal lobe could be imaged. Reprinted with permission from ref
123. Copyright 2023 Elsevier.

of mucus-penetrating liposome’s delivery and accumulation via
the nose-to-brain route is also feasible, with 10% PEG
formulation of liposome and encaEsulation of CT agent
iohexol as an indicator (Figure SC).'*’ Dendrimers can also be
fabricated to conjugate large amount of salicylic acid, achieving

CEST detection at 500 M dendrimer concentration, while
retaining a hi_gh clearance rate due to ~5 nm size of dendrimer
(Figure 5A).”

Nanocomposite hydrogels can serve as a platform for CEST
CAs, allowing control over properties and functionalities of the
multiparametric CEST CA system.'”*'** Incorporating small
molecular CEST CAs into the nanocomposite hydrogel
systems has multifold benefits in terms of offering a cleaner
background with less endogenous molecules and controlled
exchange environments for incorporated CAs, facilitating the
controlled release, maintaining relatively high local concen-
tration, and providing additional compartments for theranostic
applications. Specifically, embedding pH nanosensors (i.e., L-
arginine liposome-loaded hydrogel) enabled the detection of
cell viability via imaging the concurrent decrease in pH when
cell death occurred (Figure 6A).°® In another study by Han et
al,'*® the small-molecule drug barbituric acid (BA) was
encapsulated in liposomes, which were subsequently loaded
into the alginate hydrogel matrix. In this nanocomposite
hydrogel, multiple components could be detected using CEST
MR, indicating the relative concentrations of BA and
liposome, respectively. Interestingly, distinctive release profiles
were observed for BA and liposomes at their respective offsets
(5 and —3.4 ppm) using CEST MRI (Figure 6B). Moreover,
other types of hydrogels, such as gelatin and hyaluronic acid
(HA), have a large number of exchangeable protons that could
be detected by CEST (Figure 6C).1271%8

There are many successful studies showing that CEST CAs,
at either the free agent level or nanocarrier level, could be
tailored to image specific physiological processes or diseases, as
the exchange environments are specific combinations of
various biological activities. While the above discussion
provides an overview of the CEST CA design strategies
illustrated by several key studies, there are many more studies
employing thoughtfully designed CEST CAs that contribute
valuable insights to the field of CEST MRI. These studies are
not discussed in detail here but are comprehensively
summarized in Table 1, which includes CEST CAs that are
biochemically responsive (e.g, enzymatic activity, ligand
binding, pH change), capable of crossing drug delivery barrier,
and translating approved drugs into theranostic agents.

3.2. Imaging Drug Release and Distribution. Many
clinically used drugs and compounds can be detected by CEST
MRI using a label-free approach that facilitates theranostic
applications."”*® For example, deoxycytidine kinase (DCK) is
one of the enzymes clinically proven to be essential for the
activation of a series of chemotherapeutics such as gemcitabine
and is known to be associated with cancer resistance."*’
Advantageously, CEST detects DCK activity label-free by
monitoring the accumulation of the product of the enzymatic
conversion in tumor cells, where h'zgher CEST contrast can be
observed in DCK (+) tumor cells.””

Drug solution administered alone could be cleared by
metabolism, renal, or hepatobiliary pathway,'”' resulting in
insufficient exchangeable protons for CEST detection and for
desirable treatment efficacy. To achieve sufficient CEST
enhancement for imaging the drug distribution and release,
certain biomaterial design could be applied to further enhance
the drug concentration at target sites and thus the imaging and
treatment efficacy, such as incorporating drugs in self-
assembled peptide hydrogel or nanocomposite hydrogel.'*”"*!
CEST detectable drug pemetrexed was conjugated to a peptide
to form an amphiphilic prodrug that could form self-assembly
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Figure 6. Nanocomposite Hydrogel-Based CEST CAs. (A) Within alginate hydrogel microcapsules that encapsulated L-arginine liposomes
and hepatocytes, cell death could be detected by the reduced signal at 2 ppm of r-arginine liposomes, due to the decreased k., from the
acidic environment. Reprinted from ref 68. Copyright 2013 The Authors. Published by Springer Nature. (B) Longitudinal monitoring of
liposomal barbituric acid cargo embedded within alginate hydrogel (left panel; Lipo-Alg indicates site of injection) and control alginate
hydrogel (right panel). Lipo-Alg nanocomposite hydrogel demonstrated two contrasts, S ppm for barbituric acid and —3.4 ppm for the
liposome bilayer that can be monitored simultaneously. Reprinted under CC-BY License from ref 126. Copyright 2020 The Authors.
Published by Ivyspring International Publisher. (C) i: Synthesis of PEGDA cross-linked gelatin/HA composite hydrogel, where the ratio of
components would determine the stiffness and concentration of exchangeable protons. ii: Structure of thiolated gelatin having amide groups
that exchange with water. iii: Label-free in vivo monitoring of Gel/HA/PEGDA composite hydrogel degradation. Reprinted with permission
from ref 127. Copyright 2019 John Wiley and Sons.
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Figure 7. Approved therapeutic agents as theranostic CEST CAs. (A) i: pemetrexed-peptide (PemFE) conjugate was constructed with a
designed peptide that facilitates amphiphilic balance and self-assembly. ii: Pem shows a CEST signal at 5.2 ppm. iii: PemFE monomer could
undergo self-assembly and form filamentous nanostructures, which can further entangle into self-supporting hydrogels under suitable
conditions. Reprinted with permission from ref 129. Copyright 2017 American Chemical Society. (B) Clinically used therapeutics
gemcitabine and methotrexate incorporated into the liposomal hydrogel for local delivery to glioblastoma. Red line delineates tumor region
and blue line for hydrogel region. Gemcitabine (2.4 ppm), liposome (—3.5 ppm in hydrogel region) and tumor treatment response (APT at
3.5 ppm, rNOE at —3.5 ppm) were monitored with CEST at their respective offset frequencies. Reprinted under CC-BY License from ref

131. Copyright 2024 The Authors. Published by MDPI.

through 7—n interactions and further into self-supporting
hydrogels for longitudinal monitoring in vivo (Figure 7A)."*
By utilizing a tailor-made nanocarrier design of a nano-
composite hydrogel coloaded with gemcitabine liposome and
methotrexate, CEST enables the multiparametric detection of
the drugs as well as the tumor response to therapy
longitudinally at 3T MRL'' With optimized liposome

composition and hydrogel properties, imaging the liposomal
drug release (at 2.4 ppm and —3.5 ppm, respectively, Figure
7B) from the hydrogel matrix is also feasible."*’

There are numerous materials that could be used to enhance
the sensitivity and specificity for detecting interesting bio-
logical events in vivo, such as liposomes, polymeric nano-
particles, nanocomposite hydrogel, and solvent systems. The
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Scheme 2. CEST CAs Arranged by Desired Target Site (and Related Delivery Barrier Size) and Local Concentration”
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“CEST CAs at each position exhibit distinctive physicochemical and CEST properties that made them promising candidates for various biomedical

applications. (Created with BioRender.com).

combination of CEST MRI with nanomedicine offers the
opportunity for multicomponent imaging of the drug-nano-
carrier system, facilitating the assessment of the endogenous
exchange environment and optimization of delivery strategies
simultaneously.

3.3. Tailor-Making Your CEST CA. Selection and design
of CEST CAs should be informed by the physiologically or
pathologically specific factors that determine the distribution
and time window of the CEST contrast. Main determinants
include the size, charge, and properties of the biological barrier
(structurally and functionally) and molecular processes that
alter the proton exchange (chemically). Taking the hydrophilic
CT agent as an example, small-molecule CT agent solution
could be directly administered to observe the pH-dependent
CEST effect.'” The biodistribution of CT agent is mainly
diffusion-limited, as they can pass through the glomerular
basement membrane with a pore size of 2—8 nm in the
kidney.">” Therefore, pH mapping with CEST in kidney, and
evaluation of perfusion can be achieved.'’”'*> However, the
CEST signal of the CA (intravenously injected) could be
quickly attenuated due to its short half-life of about 3—10 min
in vascular and the interstitial spaces.'>

To achieve longer circulation and higher local concentration
for a broader time window for detection, liposome
encapsulation of the CT agent is employed. With tailored
liposome nanocarrier design, enhanced contrast for longer
period of time is warranted, while simultaneously allowing
label-free imaging of mucus layer penetration (iohexol-
encapsulated liposome, size of 166 nm),'** and heterogeneous
and leaky tumor vasculature (iodixanol-encapsulated liposome,
size of 165 nm)."*” Additionally, Kombala et al.'** synthesized
salicylic acid based monomer and polymer CEST CAs for pH
detection. The polymer agent had >100 exchangeable protons

and could be used at a concentration 488-fold lower than CT
agent iopamidol. The nanocarrier approach employed in the
above examples aligns with the design principle of increasing
the local concentration of exchangeable protons in Section 2.1.

Scaling up further, 223 mM of iopamidol was incorporated
into a peptide-based hydrogel matrix and showed discernible
contrast for 9 h in a breast tumor mouse model."*” Meanwhile,
in another work where 972 mM iopamidol was encapsulated
into liposome and then incorporated into alginate microbeads,
20 days of tumor pHe monitoring in response to bicarbonate
treatment was demonstrated.'>> Overall, the three levels of size
and complexity for CT agent based CEST CAs could serve the
common purpose of contrast enhancement, and yet many
different functions characteristic of each type of CA can be
achieved: perfusion mapping for small-molecule CAs, selective
permeation for nanocarrier form CAs, and prolonged local
monitoring for nanocomposite hydrogel CA systems, echoing
with the concepts illustrated in this review (Scheme 2).

Another series of studies highlighting the importance of CA
design includes D-glucose and dextran. In a subcutaneous
tumor model, D-glucose was rapidly metabolized in about 30
min, while for dextran of 10 kDa and dextran of 70 kDa, the
retention of high MW dextran was observed.””'’ This
demonstrates that small molecules and their nanocarrier
forms with properly selected sizes (dextran could range from
5.9 to 77 nm) could be used to probe tumor vasculature
leakiness. Similar design rationale can also be found for
liposome-based CEST CAs, where lymphatic drainage and
intranasal mucus penetration were imaged with CEST
liposomes around 100—150 nm.'*'**

Toward the development of responsive theranostic CEST
CAs, the “activation and retention” principle, or “pro-drug
approach”, could be applied, where a nontargeted CA can be
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biochemically activated (enzymatically, for example) to
accumulate at a target site.”””">> Yuan et al."** has designed
a smart molecule based on an anticancer drug, i.e., olsalazine
with CEST contrast at 9.8 ppm. This molecule self-assembled
into intracellular nanoparticles. In cancer cells with high furin
expression, the cell-penetrating peptide would be cleaved, and
then olsalazine nanoparticles could be retained. This smart
theranostic approach, based on the “activation and retention”
principle, provided a high intracellular concentration for CEST
detection and was favorable for reducing off-target effect. This
example demonstrates that we could make use of disease-
specific biochemical environments to preserve or even enhance
the CEST CA efficiency.

4. PROMISES AND CHALLENGES

Exogenous CEST CAs demonstrated success in detecting
many molecular events in vivo. CEST is inherently sensitive to
the exchange environment, and thus, further considerations are
required when interpreting the changes in CEST contrast in
vivo, which could be quite different from in vitro phantoms.
Varying in size and properties, nonmetallic CEST CAs offer a
wide range of tailor-made nanomedicine therapies with label-
free image guidance. In Table 1, many successful studies
showed that thoughtfully built CEST CAs with nanomaterial
designs considering the in vivo biochemical aspects are
promising. It is foreseeable that more biological processes
could be imaged and assessed by CEST MRI. Such targeted
and precise reporting on molecular information will greatly
assist disease diagnosis and treatment planning.

The design of efficient CEST CAs is essential to detect many
interesting molecular events in vivo, especially leveraging the
advantages of CEST MRI such as label-free detection and high
pH sensitivity as well as the recent advanced development in
nanocarriers. Ideally, CEST CAs with a high number of
exchangeable protons that are further away from the water
signal, i.e., not overlapping with endogenous contrast at +4
ppm, are desirable. For example, many therapeutics approved
for clinical use, including drugs and biomaterials, could be
repurposed to CEST CAs without additional metallic labels to
enable the imaging of multiple components of administered
therapeutics in various nanocarrier systems. A collection of
anticancer drugs has been identified as CEST CAs.”® Other
therapeutics such as nonsteroidal anti-inflammatory drugs
(NSAIDs), neuroprotective drugs, and cardiovascular drugs are
waiting to be explored.

The advanced development in nanocarriers' could
essentially help to preserve the CEST contrast in vivo, and to
ensure a relatively high local concentration. As illustrated in
Scheme 2, depending on the desired biodistribution and the
molecular events, nanocarriers or nanocarrier-embedded
composites can be constructed to load the small-molecule
CEST CAs. A series of CEST CAs with nanocarrier
components have been developed, such as liposomes,
dendrimers, drug conjugates, and nanocomposite hydrogels
(Table 1). Other nanostructures could potentially be applied
as CEST nanocarriers, provided that they are endowed with
proper water accessibility, which is a key factor for efficient
CEST contrast (Scheme 1B). For example, modulation of
water accessibility through liposome size, shape and bilayer
composition could influence the water transport across the
liposome and thus affect the resulting CEST contrast to
different extents.’*>*" In contrast, poly(lactic-co-glycolic acid)
(PLGA) has been commonly used as a drug carrier for
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chemotherapeutics with limited solubility in aqueous solution.
Due to inadequate water accessibility, drugs in PLGA might
not be able to generate CEST contrast. In this respect,
nanocarriers such as extracellular vesicles, carbon-based
nanomaterials, and metal—organic-framework (MOEF) are
potential ca%dliflzaltsegslggr constructing efficient and responsive
CEST CAs.”" 77

Extracellular vesicles (EVs) are a series of cell-secreted
membrane carriers that vary in size (~30 nm to S ym) and
biogenesis from parental cells.'*” Recently, mounting evidence
suggests that EVs can be employed as an alternative for cell
therapy and promising nanocarriers for a wide range of cargos
for imaging.'®" Comparing with other lipidic nanocarriers, such
as liposomes, EVs have the advantage of natural origin for a
long circulation and cell-targeting capability, optimal size for
passing various biological barriers including blood-brain
barrier, and lysosomal evasion.'>” Multiple therapeutics and
imaging agents can be loaded to EVs, achieving the theranostic
function.'®” Tt is envisioned that with efficient extraction and
cargo-loading techniques EVs would become efficient molec-
ular CAs for label-free tracking of biological processes.

In summary, CEST is a nonrelaxation based MR imaging
approach that detects many endogenous and exogenous
molecules in a label-free manner. Thus, it enables the imaging
of drugs, nanocarriers, and nanocomposite hydrogels in vivo.
Importantly, it detects essential events for protons, providing
valuable molecular information for assessing the drug delivery
and molecular alterations upon treatments. Therefore, CEST is
an indispensable approach for theranostic applications, with
many successes having been shown in cancer. With rapidly
emerging clinical CEST approaches and advanced nano-
technology, the application of CEST is envisioned to extend
beyond cancer, encompassing various theranostic applications
including neurodegenerative diseases.
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VOCABULARY

Chemical exchange saturation transfer (CEST), an MRI
approach that utilizes the continuous magnetization transfer
between solute protons and bulk water protons to generate
contrast in the form of a frequency-dependent reduction on
water signal; Chemical exchange saturation transfer contrast
agent (CEST CA), a compound that is administered to
subjects to enhance contrast for CEST MRI. Paramagnetic
agents, such as lanthanide complexes, hyperpolarized '*’Xe,
and diamagnetic compounds are common CEST CAs;
Theranostics, the concept where diagnosis and therapy are
simultaneously implemented, usually with the aid of contrast
materials; Nanomedicine, the use of nanometer sized materials
for medicinal purposes; Label-free, in the context of CEST
CAs, it refers to a type of CA where no additional fluorescent
moieties, radioactive or metallic agents are incorporated into
the CA only for the sake of generating contrast
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