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Abstract

Stem cell therapy has shown great efficacy in many diseases. However, the treatment mechanism is still unclear,
which is a big obstacle for promoting clinical research. Therefore, it is particularly important to track transplanted stem
cells in vivo, find out the distribution and condition of the stem cells, and furthermore reveal the treatment mecha-
nism. Many tracking methods have been developed, including magnetic resonance imaging (MRI), fluorescence
imaging, and ultrasound imaging (Ul). Among them, MRI and Ul techniques have been used in clinical. In stem cell
tracking, a major drawback of these technologies is that the imaging signal is not strong enough, mainly due to the
low cell penetration efficiency of imaging particles. Cell penetrating peptides (CPPs) have been widely used for cargo
delivery due to its high efficacy, good safety properties, and wide delivery of various cargoes. However, there are few
reports on the application of CPPs in current stem cell tracking methods. In this review, we systematically introduced
the mechanism of CPPs into cell membranes and their advantages in stem cell tracking, discussed the clinical applica-
tions and limitations of CPPs, and finally we summarized several commonly used CPPs and their specific applications
in stem cell tracking. Although it is not an innovation of tracer materials, CPPs as a powerful tool have broad prospects

in stem cell tracking.
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Introduction
Stem cell therapy is a potential method for multiple dis-
eases in future clinical treatment since the current exper-
imental data are mostly positive [1-7]. However, there
are few clinical reports related to stem cells. Although
the excellent potential stem cells have shown in human
disease, they also can be dangerous if used incorrectly.
Since the accumulation of stem cells in the wrong place
may cause safety issues, the possibility of tumorigenesis
is also a hidden danger [8]. Therefore, it is necessary to
track the transplanted stem cells and further determine
the safety and effectiveness of stem cell therapy.

Stem cell tracking is an effective method to moni-
tor transplanted stem cells in vivo, by which we aim to
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clarify the distribution and situation (cell viability and
differentiation) of stem cells. To achieve the above goals,
tracking methods have some rules to follow: Firstly, the
trackers have to be low-toxic to cells, not affect cell prop-
erties. Besides, ideal trackers need to have high labeling
efficiency and emit strong detection signal to form high
resolution image. The last point is the stableness and
specificity of trackers. In recent years, many in vivo cell
tracking methods have been developed. There are two
main strategies for stem cell tracking. One is to trans-
fect the genetically modified reporter genes into the stem
cells [9-13], and the other is labeling the cells with imag-
ing particles [14-16]. However, reporter gene labeling
needs complicated gene modification and transfection
steps which may cause concern of the safety in clini-
cal application [17]. The tracking method labeling with
imaging particles is relatively feasible which includes
MRI, X-Ray computed micro tomography (micro-CT),
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positron emission tomography (PET), Ul, and FI. Exist-
ing detection technologies mainly rely on optics, mag-
netism, and radiology. However, these tracking methods
cannot meet all the requirements of stem cell tracking.
Thus, modifying imaging particles to improve tracking
effect has become a trend. One strategy is to decorate sig-
nal emitting particles with a higher cell labeling efficiency
molecular, like CPPs.

Since the discovery of trans-activator of transcription
(TAT) is derived from human immunodeficiency virus
type 1 (HIV-1) in 1980s, many peptides with the abil-
ity to penetrate cell membrane have been added to the
CPPs family [18-20]. CPPs have played an important
role in delivery systems with a variety of cargos, such as
nucleic acids, polymers, liposomes, nanoparticles, and
low molecular weight chemical drugs [21]. These cargoes
can be connected to the CPPs in a covalent or non-cova-
lent manner. The latter is connected through electrostatic
interactions, in which the activity of the cargoes can be
better maintained. In addition to the wide delivery of var-
ious cargoes mentioned above, CPPs also have the advan-
tages of natural low cytotoxicity and high penetration
efficiency in various cell types [22-24]. These advantages
make CPP widely used in basic and clinical research.
However, there are few reports on the applications of
CPPs in stem cell tracking. Therefore, this review aims to
introduce CPPs for stem cell tracking.

Cell penetrating peptides (CPPs)

CPPs are positively charged short peptides with 5-30
amino acids [22]. The possibility of penetrating into bio-
logical membrane makes CPPs become novel carriers for
intracellular cargo delivery [23, 25-29]. Compared with
chemical molecules, CPPs have lower biological toxic-
ity and higher transduction efficiency [30, 31]. Overall,
delivery efficiency of the CPPs may be depending on
some parameters such as the size of cargo-CPP complex,
nature of CPPs, and so on. In this review, we introduced
different kinds of CPPs and how they can be used in stem
cell tracking, including existing applications and future
possibility.

Classification of CPPs

Based on their origin, CPPs are classified as protein-
derived, chimeric, and synthetic substance. CPPs were
originally obtained from natural products and most of
the CPPs were derived from natural proteins, including
DNA/RNA-binding proteins, antimicrobial peptides,
and heparin-binding proteins [32-34]. Chimeric CPPs
referred to CPPs derived from a combination of natural
proteins or peptides, such as Transportan and Pepl [20,
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35]. A series of synthetic CPPs were subsequently devel-
oped to mimic natural protein-derived CPPs, like model
amphipathic peptide (MAP) [36].

The other classification is based on the physical-chem-
ical properties of CPPs by which CPPs were divided into
cationic, amphipathic, and hydrophobic peptides. The
first two types are more common as carriers in particle
modification. According to the properties of the parti-
cles, appropriate types of CPPs were selected.

Cell penetrating mechanism

The precise cell penetrating mechanism of CPPs was
not clear, but it seems that this uptake pathway is
energy independent [37]. The penetrating mechanism
of CPPs seems to depend not only on the type of CPPs,
but also on its concentration, the cargo being trans-
ported, and the targeted cells [38]. For example, the
internalization of the TAT/fusion protein complex is
mainly limited to endocytosis, but the TAT/small pep-
tide complex is internalized by endocytosis and rapid
direct membrane translocation [39]. Several current
cell penetration theories are based on specific CPPs.

Direct transmembrane transport is similar to the sim-
ple diffusion of small molecules. One theory explained
transfer mechanism of cationic CPPs, that is, the cati-
onic peptide and the negatively charged membrane
component can form a transient ion-pair complex, then
the reduced but still positively charged peptide makes
it diffuse adaptively through the cell membrane, where
the driving force for diffusion is membrane potential
[40]. This membrane penetration method is described
as the “carpet-like” model. The formation of transient
toroidal pores is considered as another possible mecha-
nism for direct translocation. At high concentrations
of TAT peptide, transient pores may be formed in the
membrane since TAT peptide may interact with lipid
bilayer to form molecular dynamic effect [41]. The
model shows that the TAT peptide has phospholipid
head groups on both the outer and inner lipid leaflets,
which causes a thinning of the lipid bilayer and eventu-
ally penetrate into the membrane.

Although direct transfer of cell membranes happens
in some cases, it is generally believed that most CPPs
and their cargo enter the cell by endocytosis. This man-
ner includes clathrin-mediated endocytosis, caveolae/
lipid raft-mediated endocytosis, and micropinocytosis
[42-45]. Since these are relatively mature mechanisms,
they will not be discussed here.
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Advantages of CPPs in stem cell tracking

Due to its biological characteristics, CPPs have been
widely used in a variety of fields, including drug deliv-
ery [23, 28, 29], anti-bacterial infection [46, 47], and
gene delivery [25-27]. And these characteristics of
CPPs also make it advantageous in tracking trans-
planted stem cells.

Low cytotoxicity

Low toxicity at working concentration is the first consid-
eration for the application of tracking particles to stem
cells. The cytotoxicity mentioned here includes prolif-
eration toxicity and multi-lineage differentiation toxicity,
that is, the effect on the stemness of stem cells. CPPs can
enter cells without causing cytotoxicity at the working
does [22]; therefore, they have been used as a tool for the
delivery of various cargoes [48—50]. Especially in stem
cell tracking experiments, CPPs-modified imaging par-
ticles did not affect the differentiation potential of stem
cells in vitro [27, 51, 52].

Transfer efficiency /does-dependent efficiency

The biggest advantage of CPPs as delivery molecules
is the transfer efficiency. Moreover, the cargo it deliv-
ered has little effect on the penetration ability of CPPs,
although the manner of transmission may change [23].
Compared with original imaging particles, the inter-
nalization rate of CPPs-connected imaging particles is
increased by 2-200 times [51-53]. In this way, the labe-
ling rate of cells can reach more than 80%.

Effectiveness on variety of cell types

Although in clinical practice we are increasingly advo-
cating personalized therapy to achieve more precise
treatment, in terms of cell labeling, it is a common wish
to use a universal method to label various types of cells.
It has been proved that CPPs have transmembrane
effect on multiple cells [54-56]. On the same platform,
Gillmeister et al. [24] reported that rhodamine-labeled
TAT-GFP was internalized in multiple cell lines including
HEK293, N18-RE-105, hippocampal slices, and human
neural progenitor cells and showed predominantly endo-
somal localization of both fluorescent markers.

Easy to conjugate

There are two ways to conjugate CPPs to the cargo:
covalent and non-covalent binding [22] Although both
methods are feasible, in practical applications, the second
method is more popular [57]. In non-covalent approach,
CPPs bind to cargo through electrostatic interaction
[29]. Due to its high flexibility, this method is suitable
for a wide range of cargo delivery applications. More
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importantly, this method avoids the trouble of unique
conjugation design for different cargoes.

Wide variety of cargoes

It has been extensively shown that CPPs are capable of
transporting into cells a wide variety of biologically active
cargoes including magnetic nanoparticles, proteins, pep-
tides, DNAs, mRNAs, siRNAs, and small drugs [21, 58,
59]. This feature makes CPPs a universal delivery vector
and plays a role in a variety of cell tracking technologies,
effectively improving the labeling efficiency of various
tracer particles.

CPPs in current clinical study

Safety and effectiveness in clinical application

Due to its excellent performance in animals, CPPs have
also been widely used clinically in recent years. We have
compiled some reports on the clinical application of
CPPs (Table 1). In these reports, there were no adverse
reactions caused by CPPs. Regarding the effectiveness
of CPD, since there is no design of a drug without CPP
coupling as a control in clinical reports, the experimental
results can only prove the effectiveness of the CPP-cargo
complex.

TAT, as a well-researched CPDP, is relatively common
in clinical applications. In a clinical trial, the synthetic
peptide KAI-1678 (containing 21 amino acids) was
used to treat postherpetic neuralgia. This polypeptide
contains the active site of the inhibitor of ePKC enzyme
and the CPP (TAT). In order to enhance the stability of
peptides in vivo, acetylated N-terminus and amidated
C-terminus were used in the modification of TAT. The
results showed that compared with lidocaine, KAI-1678
has good tolerance in vivo, while the analgesic effect
is poor [60]. The JNK/c-JUN cascade signaling path-
way is a key pathway for chemical and mechanical ear
injury [61]. AM-111 is a 31 amino acid dextrorotatory
peptide, which contains 19 amino acid effector domains
and 10 amino acid active transporter TAT. AM-111 can
effectively block the JNK/c-JUN cascade signaling path-
way. Clinical experiments have shown that intratym-
panic injection of AM-111 is used to treat idiopathic
sudden sensorineural hearing loss and has a significant
therapeutic effect [62]. In the second-phase clinical
treatment of cervical dystonia, injection of TAT-cou-
pled daxibotulinumtoxin A can effectively improve
the disease and has the potential to provide long-term
curative effects. The drug is well tolerated in humans
[63]. XG-102 is a TAT-conjugated dextrorotatory pep-
tide that can inhibit c-Jun N-terminal kinase. Clinical
studies have shown that a single subconjunctival injec-
tion of XG-102 at the end of eye surgery is not inferior
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to dexamethasone eye drops for postoperative ocular
inflammation [64].

In recent years, a new type of synthetic peptide (P28)
which contains CPP structure has been used for tar-
geted therapy of tumors. The mutation of the P53 gene
in tumors will cause the imbalance of the protein level of
P53, which will lead to further tumor expansion. It was
reported that cupredoxin azurin can exert anti-tumor
activity by targeting wild-type P53. The protein con-
tains both the functional region P28 (amino acids 50-77
of azurin) and the cell penetrating peptide region P18
(amino acids 50-67 of azurin). During the 48-week treat-
ment, the patient tolerated P28 well without significant
adverse reactions [65]. In another treatment for adoles-
cent central nervous system tumors, P28 showed good
drug tolerance and certain effectiveness [66].

The activatable cell penetrating peptides (ACPPs) is
a polypeptide designed on the basis of traditional CPP
to exert a penetrating effect in a specific environment.
Photo-peptide dye conjugate AVB-620 contains ACPP
and fluorescent dyes (CY3 and CY5). Preclinical studies
have shown that AVB-620 imaging could display primary
tumors in real time, showing high in vivo diagnostic sen-
sitivity and specificity (>95%) [67, 68]. In clinical trials,
AVB-620 was transplanted into the human body through
intravenous injection for real-time imaging of breast can-
cer surgery. The results showed that there were no adverse
reactions caused by AVB-620, and AVB-620 improved the
detection of malignant tissues during surgery [69].

Limitations in clinical application

Although there have been many applications in clini-
cal drug delivery, CPP still has some problems and
limitations.

Cellular uptake mechanism of CPPs is ambiguous
The exact mechanism by which CPP enters the cell is
still unclear [22, 70]. Although CPP has been proven

Table 1 CPP-conjugated therapeutics in clinical trial
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to be non-toxic under effective penetrating concentra-
tion (generally less than 50 uM) [54, 71-74] at the cellu-
lar and animal levels, the effect of CPP on cell function
has not been fully evaluated yet. The unclear penetration
mechanism will also bring technical barriers to subse-
quent experiments, such as how to improve penetration
efficiency, how to achieve unidirectional transmembrane
transport, how to improve stability in the body, and so
on.

Lack of cell and tissue specificity

Most of the CPPs found so far are positively charged
polypeptides, so its ability to penetrate cell membranes
is likely to be related to the force between charges [23].
And experiments have shown that a specific CPP can
penetrate a variety of cells [54—56]. The above results
indicate that CPPs do not have a specific binding
response to cells.

This limitation impeded many clinical or preclinical
studies that require drug delivery to the target site in
order to avoid causing systemic damage. In view of this
defect of CPPs in drug delivery, there have been stud-
ies to correct it by adding tumor-targeted amino acid
sequences [71]. However, there are few specific rec-
ognition sites for tumor markers (such as Transferrin,
RGD, Lys(3)-bombesin, and NGR) [75, 76], and many
kinds of tumor sites need more recognition sequences
to be discovered. Another way to increase the target
ability of CPPs is to explore ACPPs. This kind of pep-
tides is only activated under certain physiological con-
ditions [77]. For example, ACPPs designed for the
weakly acidic physiological environment of the tumor
site can target the tumor well, increase the concen-
tration of the drug at the target site, and show a good
anti-tumor effect [73]. In addition, some ACPPs are
designed to be activated under heat or light conditions
[78]. This strategy has broader application and is worth
of promoting. However, more subtle targeting require-
ments for subcellular structures, such as mitochondria
or endoplasmic reticulum, are still difficult to achieve

Disease CPP-cargo Number of Status ClinicalTrials.gov ID
enrolled patients
Solid tumors P28 N=15 Phase | completed 2014 NCT00914914
CNS malignancies P28 N=18 Phase | completed 2017 NCT01975116
Postherpetic neuralgia TAT-ePKC inhibitor N=23 Phase Il completed 2011 NCT01106716
Acute inner ear hearing loss TAT-AM 111 N=256 Phase Ill completed 2017 NCT02561091
Tumor imaging ACPPs-Cy5 and Cy7 N=27 Phase | completed 2017 NCT02391194
Cervical dystonia TAT-Daxibotulinumtoxin A N=37 Phase Il completed 2019 NCT02706795
Postoperative ocular inflammation TAT-XG102 N=339 Phase Il completed 2017 NCT02235272
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by this method. There have been pioneer experiments
to study this aspect, and more extensive and in-depth
research is needed.

The penetration ability to different cells is variable

Studies have shown that different cells have different
uptake rates of a specific CPP [54, 55]. The uptake ratio
of different CPPs by the same cell is also different [79,
80]. This feature requires that the target cell and the
selected CPP need to be determined at the same time in
the preclinical experiment, so as to determine the deliv-
ery concentration of the CPP.

The stability needs to be improved

Traditional CPPs are mostly straight-chain amino acids
without steric structure, corresponding to proteolytic
instability [78]. In animal experiments, CPPs had a
short plasma half-life [21, 71], which became a major
drawback in clinical application. However, CPP may be
metabolized before being delivered to the target site.
In response to this shortcoming, the emerging CPPs in
recent years improved the plasma half-life by introduc-
ing masking groups or transforming linear CPP into a
cyclic (or bicyclic) structure [81, 82].

Applications of CPPs in stem cell tracking

We summarized the examples of CPPs in stem cell trac-
ing, as shown in Table 2. According to the imaging
method, we divide the application of CPPs in stem cell
tracking into the following three categories.

Applications of CPPs in fluorescence imaging

Optical imaging has much higher sensitivity, larger
throughputs, cheaper and smaller equipment, and multi-
ple detection wavelengths [83]. Currently speaking, fluo-
rescence imaging is a relatively mature and most widely
used tracking method.

Fluorescent materials often used in cell and molecular
experiments are difficult to apply in animal experiments
due to problems such as penetration effect and signal-to-
noise ratio. Near-infrared (NIR) luminescent nanoparti-
cles are commonly used imaging luminescent materials
in vivo, and luminescent materials combined with CPP
have better labeling performance. TAT penetrating pep-
tide bio-conjugated long-lasting luminescence nanopar-
ticles (LPLNP-TAT) was used to track adipose-derived
stem cells (ASC) in mice for a long time without continu-
ous external excitation energy [84]. Compared with tra-
ditional organic dyes and quantum dots, LPLNP-TAT had
near-infrared emission, red light reproducibility, excel-
lent in vivo imaging depth, and higher signal-to-noise
ratio, and the complex did not damage the proliferation
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and differentiation of stem cells. In the study of labe-
ling human mesenchymal stem cells, semiconducting
polymer dots (Pdots) coated with CPPs (octa-arginine,
R8) had a significant endocytosis and absorption effi-
ciency [85], which was 15 times higher than that of car-
boxyl Pdots and more than 200 times higher than naked
Pdots. After subcutaneous transplantation, Pdot-labeled
MSC could be tracked in vitro for 15 generations and
within 2 weeks in vivo [52]. Similar reports showed that
R8-modified near-infrared fluorescent semiconductor
Pdot greatly increased the labeling rate when applied
in human mesenchymal stem cells (100 times than that
of carboxyl-modified markers), and it could track stem
cells within two weeks [51]. Recently, researchers have
designed a kind of high fluorescent Pdots with far-red
light absorption and NIR emission [80]. After combining
with CPP (TAT), the results of flow cytometry showed
that the labeled cells improved by about 4 orders of mag-
nitude compared with the control group. In vivo study
showed that the stem cells initially accumulated in the
lungs and remained there for 7 days.

In addition to using the traditional CPPs, some
researchers designed the CPPs according to the specific
requirements of the experiment. A study reported an
amphiphilic CPP, F6G6(rR)3R2, was designed to trans-
port hydrophobic fluorophores across cell membrane
[86]. Three classical thermally activated delayed fluo-
rescence (TADF) molecules, 4CzIPN, NAI-DPAC, and
BTZ-DMAC, could self-assemble into well-dispersed
nanoparticles (NPs) with F6G6(rR)3R2 in aqueous solu-
tion. These NPs showed low cytotoxicity and could pen-
etrate membranes easily. These findings greatly expanded
the applications of cell penetrating peptides for delivery
of molecules and NPs by only non-covalent interac-
tions, which were more flexible and easier than covalent
modifications.

In general, CPP has improved the labeling efficiency
of fluorescent particles and has played a role in in vivo
imaging of small animals to explore the mechanism of
stem cells.

Applications of CPPs in ultrasonic imaging
After X-radiography, UI is now the most common of all
the medical imaging technologies, since it is noninva-
sive, cost-effective, widely available, and allows molecu-
lar imaging and real-time guided imaging [87, 88]. One
major approach is to label stem cells with UI contrast
agents to achieve enhanced imaging of cells [89].
Shengcai et al. [90] designed a cell penetrating peptide
(TAT)-conjugated, porous silicon nanoparticle (TPSi NP)
loaded with the Wnt3a protein to increase both the cell
survival rate and the delivery precision of stem cell trans-
plantation via a combinational theranostic strategy. The
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volume of PSi NP is relatively large. After TAT is conju-
gated on its surface, the efficiency of TPSi NP into cells
increased from 52.7 to 78.8%. It is confirmed that the
intracellular aggregation of TPSi NPs can highly amplify
the acoustic scattering of the labeled MSCs, resulting in a
2.3-fold increase in the ultrasound signal compared with
that of unlabeled MSCs.

Applications of CPPs in magnetic resonance imaging

Since being introduced into clinical area, MRI has had a
wide range application and become a powerful imaging
method. There have been few reports on the experimen-
tal use of CPPs in MRI for stem cell tracking. However,
among all these reports, CPPs can effectively increase the
entering efficiency of magnetic particles and therefore
enhance the imaging effect.

As early as 2006, researchers have tried to use CPP
(poly-arginine peptides, R9) to modify imaging particles
to track rat bone marrow mesenchymal stem cells [91].
In this experiment, fluorescein isothiocyanate (FITC) and
Gd were used to label cells, and the results of FI showed
that CPP can be internalized into the cytoplasm and
nucleus at room temperature, 4 °C and 37 °C; in MRI, Gd
was incorporated into the cells by peptide in a time- or
concentration-dependent manner, and thereby enhanc-
ing the detection effect. In another study [79], three
peptides were used to compare the labeling effects on
human MSCs (hMSCs). The results showed that com-
pared with the linear MSC-specific peptide EM7 and
the cyclic MSC-specific peptide CC9, TAT has both the
labeling function and the enhancement of T1 contrast,
and is more suitable for stem cell labeling. To explore the
biodistribution of cells, CPPs had also been used to help
label and track CAR-T cells. In experiments on mice,
TAT increased the MRI signal intensity of perfluorocar-
bon nano-emulsions by 8 times, and the tumor cell kill-
ing analysis showed that the markers did not affect cell
function and viability [92]. Unfortunately, the application

Table 2 Common CPPs in stem cell tracking application
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of CPPs to enhance MRI labeling effect of MSCs is still
in the early experiments in vitro, although CPPs have
been proven to be widely effective in increasing the signal
strength of magnetic particles.

In order to further analyze the effects and side effects
of CPPs in MRI, we investigated its application in other
cells. Intracellular metabolism under the regulation of
signal transduction is essence of life activities. In order
to achieve transcriptional imaging of mRNA in vivo, Gd
was used to label mRNA [59]. The results showed that
the use of d-TAT;; 4 increased the uptake of the con-
trast agent by the cells. And the contrast agent is mainly
located in the vesicles around the nucleus and did not
enter the nucleus. In another experiment in 2017 [93],
transmission electron microscopy showed that superpar-
amagnetic iron oxide (SPIO)-R11 mainly concentrated
on cell vesicles and lysosomes, and did not significantly
damage the ultrastructure of cells. In addition, the fluo-
rescent localization of synthetic MRI and fluorescent
bimodal probes also showed that the probes were in the
vesicles around the nucleus [94]. The above results cer-
tificate the safety of CPP in MRL

The more common application field of MRI is the diag-
nosis and treatment of tumors and cancers. Cancer has
so far been a major problem in the medical world, so
research on cancer started earlier and is more in-depth.
As a powerful cell penetrating agent, CPPs are widely
used in this field. Unlike tracking stem cells injected to
the body, tumor tracers need to be more specific to find
the aboriginal cell of the body. That is, the contrast agent
needs to specifically identify the lesion site. CPP alone
cannot meet this requirement, so ACPP or modified CPP
was used in magnetic particles. The ACPP and its Gd-
loaded dendrimer form (ACPPD-Gd) had been shown
to selectively accumulate in tumors (Py8119 cells) and
were clearly detected by observers in rodent models (0.86
vs. 0.69, p=0.04) [95]. The cell penetrating phosphor-
peptide modified Peptide-NaGdF4 (4.2 nm in diameter)

CPPs Amino acid sequence Connected nanoparticles Cell type Tracking
technology

TAT [66] RRRQRRKKRG Gd hMSCs MRI

R9 [65] LAGRRRRRRRRRK Gd rBMSC MRI

TAT [57] - Long persistent luminescence nanoparti- ASC Fl

cles (LPLNP)

R8 [52] RRRRRRRRC Pdots hMSCs Fi

R8 [58] - Qb mASC FI

TAT [59] YGRKKRRQRRR NIR highly fluorescent Pdots hMSCs Fi

R8[51] RRRRRRRRC NIR highly fluorescent Pdots hMSCs Fi

TAT [64] - TPSi NP MSC ul
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nanodots greatly improved their MRI contrast ability in
tumors [96]. In terms of drug delivery, NPs modified
with folic acid and ACPP have excellent cancer targeting
capabilities and prolonged the half-life of drugs in nude
mice [97]. Superparamagnetic iron oxide nanoparticles
combined with porphyrin and TAT penetrating peptide
promoted the photodynamic effect of mouse enamel
melanoma B78-H1 cells [98]. The detection signal and
therapeutic effect of the anticancer drug Olsalazine mod-
ified by the penetrating peptide RVRR increased by 6.5
times [58]. ACPP-modified anticancer drugs can even
improve the permeability of chondrosarcoma [99].

It is worth mentioned that in the experiment to find
potential Alzheimer’s disease markers, the contrast agent
using TAT penetrating peptide can effectively cross the
blood-brain barrier of transgenic mice, and showed
obvious uptake effect and improved retention time [100].
This result made it possible to track stem cells used in
brain diseases treatments.

However, CPPs are not a one-way transmembrane rea-
gent; it may outflow from cells after carrying the contrast
agent into the cell in a concentration and time-depend-
ent manner. In response to this feature, the researchers
added a cleavage sequence identifiable by the target cell
to the labeling particle complex to prevent the escape of
the contrast agent. For example, the CPPs on galactose
in the probe Gd-DOTA-k(FR)-Gal-CPPs were cleaved in
cells expressing [3-gal, so that the reporter group was bet-
ter retained in the cell [94].

The future of CPPs in stem cell tracking

Advantages and disadvantages compared with other
delivery vehicles

Commonly used molecular delivery systems are divided
into biophysics-based technologies and biochemical-
based technologies.

Microinjection and electroporation are biophysical
methods. Microinjection is mostly used for the delivery
of bulky cells, such as animal egg cells [101]. This process
bypasses the barriers associated with the delivery of com-
ponents through the extracellular matrix, cell membrane,
and cytoplasm. In addition, microinjection is not lim-
ited by the molecular weight of the cargo. However, this
method is more intuitive and is limited to specific types
of cells; besides, it is difficult to deliver to a large num-
ber of cells, especially difficult to apply in vivo. The elec-
troporation method can deliver a large number of target
particles into the cell, but the disadvantage is that it dam-
ages the cell membrane and affects the cell viability [78].
It is also difficult to apply in in vivo experiments.

Biochemical delivery media include amphiphilic mol-
ecules, liposomes, and so on. These two methods are rel-
atively mild and cost less. The disadvantage is that once
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the liposomal nanoparticle has crossed the cell surface,
it is usually encapsulated in endosomes. Cells can very
quickly direct the encapsulated contents into the lysoso-
mal pathway, leading to the degradation of all lysosomal
contents [102]. This results in a lower conversion rate in
the body.

In contrast, the disadvantage of CPP is that it is easily
degraded in the body. However, CPP has a higher conver-
sion efficiency than electroporation, has a lower effective
penetration concentration and toxicity than liposomes,
and can be degraded into harmless amino acids in the
body.

Possible applications of CPP in future clinical trials

As we delve deeper into stem cells, the tremendous role
that transplanted stem cells played in the body has been
fully recognized. The imaging technology to track trans-
planted stem cells has matured day by day, and CPPs
are undoubtedly a good tool in this technology. It can
increase the uptake of tracking particles by stem cells
and is non-toxic to cells. After simple modification (addi-
tion of a cleavage site that can be recognized by the tar-
get cell), the tracking particles can stay in the cell for a
long time. Of course, in order to reduce the damage of
the tracer particles to the human body in clinical prac-
tice, the non-unidirectional transmembrane property of
CPPs allows the labeled particles to be better excreted
from the body.

At present, many countries have clinical records for
the treatment of various diseases with stem cells, and
research on the mechanism of stem cells is in full swing.
We believe this question will be answered in the near
future. What follows may be a larger-scale clinical appli-
cation of stem cells. In future medical treatment, stem
cell therapy may become as common as blood transfu-
sion, but due to uncertain sources and individual differ-
ences, we still need to monitor the transplanted cells. At
this time, targeting sequences combined with CPPs and
labeled particles can be designed according to the char-
acteristics of transplanted cells to achieve effective non-
toxic and noninvasive tracking of stem cells in vivo.

Outlook

Stem cell tracking is a problem worthy of discussion; it
determines the basic data in the future clinical. On the
one hand, it is necessary to confirm whether stem cells
form tumors to evaluate the safety of stem cell therapy;
on the other hand, it is necessary to explore the mech-
anism of stem cells to find effective factors, and lay the
foundation for future clinical application. Among various
stem cell tracking methods, including all kinds of imag-
ing techniques, CPPs are an effective tool to improve
label efficiency.
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At present, there are a few of studies on improving the
efficiency of stem cell labeling by modifying the imaging
particles with CPPs, but CPPs have significant effects in
these reports. In fact, since being discovered in the last
century, CPPs have been widely used in the delivery of
various cargoes, including clinical drugs, therapeutic
proteins, and genes [23, 25-29]. Although the mecha-
nism of CPPs penetrating the cell membrane has not
been studied clearly, the penetrating effect is certain, and
the CPPs used to deliver cargoes have almost no effect on
the viability and differentiation potential of stem cells at
the working concentration.

There are many types of CPPs, and TAT is the most
widely used one because of its versatility. The ways
to combine CPPs with imaging nanoparticles include
covalent bonding and non-covalent bonding. Covalent
bonding requires unique conjugation design for differ-
ent cargoes, so non-covalent bonding is more widely
used. Non-covalent bonding include biotin—streptavi-
din interaction [103], electrostatic Interactions [57],
and metal affinity interactions [103]. Although the non-
covalent binding method is more versatile, it is still dif-
ficult for biological laboratories that lacking a chemical
background to synthesize CPPs-modified imaging nano-
particles. To make matters worse, at present, there are
few commercialized imaging nanoparticles modified by
CPPs, which may limit the application of CPPs in cell
tracking experiments. In view of the universal effective-
ness of CPPs, we believe that the commercialization of
CPPs-modified imaging nanoparticles is necessary.
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