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Abstract: The discovery of safe platforms that can circumvent the
endocytic pathway is of great significance for biological therapeutics
that are usually degraded during endocytosis. Here we show that self-
assembled and dynamic macrocycles can passively diffuse through
the cell membrane and deliver a broad range of biologics including
proteins, CRISPR Cas9 and ssDNA directly to the cytosol while
retaining their bioactivity. Cell penetrating macrocycle (CPM) can be
easily prepared from the room temperature condensation of
diketopyrrolopyrrole lactams with diamines. We attribute the high
cellular permeability of CPM to their amphiphilic nature and
chameleonic properties. They adopt conformations that partially bury
polar groups and expose hydrophobic side chains thus self-
assembling into micellar-like structures. Their superior fluorescence
renders CPM trackable inside cells where they follow the
endomembrane system. CPM outperformed commercial reagents for
biologics delivery and showed high RNA knockdown efficiency of
CRISPR Cas9. We envisage that this class of macrocycles will be an
ideal starting point to design and synthesize biomimetic macrocyclic
tags that can readily facilitate the interaction and uptake of
biomolecules and overcome endosomal digestion.

Introduction

Many potential therapeutic applications of biologicals such as
proteins and nucleic acids are held back by their fragility, poor cell
membrane permeability or endo/lysosomal entrapment, which
affect intracellular functioning.[! Hence substantial interest has
been directed to develop both viral and non-viral artificial
transporters to deliver hydrophilic and relatively bulky bio-active
cargos.” In comparison to viral vectors, which pose safety
concerns and design limitations, non-viral gene delivery platforms
such as synthetic ionophores P, macrocycles [, nanoparticles [,
counterion activators [ liposomes [l and most recently
coordination based frameworks © have attracted much attention.
However, the delivery efficiencies of most of these non-viral
vectors remained low mainly due to their endosomal entrapment
that leads to the enzymatic and acid degradation of the cargo

before reaching the target.
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Figure 1. a. Chemical structure of CPM. b. Self-assembly of CPM molecules to form a nanospherical structure and its passage through the cell membrane. c.

Complexation of DNA/RNA occupying the central space of self-assembled CPM spherical structure and their passage through the cell membrane.

Despite the ability of many of the engineered carriers to escape
the endosomes, most of them are affected by the rupture and
release of protease and hydrolase into the cytosol.l'! Since the
discovery of the TAT peptide in 1988,' a broad variety of
arginine-rich cell penetrating peptides (CPPs) and their mimics
including polydisulfides have been adopted to evade endocytosis.
Nonetheless, their mechanism of cytosolic delivery is still heavily
debated as CPPs can enter mammalian cells via multiple
mechanisms and direct permeation can happen only at low
concentrations and promoted by the macrocyclic structure ['? In
nature, we find that macrocyclic domains have always showed
superior biomedical activity through favored proteins interactions.
In fact, natural selection has clearly contributed to the evolution of
macrocyclic secondary metabolites as they show improved
target-ligand interactions.'” The physical and chemical
properties of macrocycles are unique and differ from their
individual building blocks due to their supramolecular nature and
3D structure. Interestingly, one of the basic functional properties
of macrocyclic domains, similar to protein domains, is their ability
to assemble non-covalently with each other and to mediate the
assembly of other macromolecules.['¥ Cyclosporin A (CsA), is a
natural cyclic peptide used medically as an immunosuppressant
and is able to navigate through the ell membrane due to its
dynamic self-assembled structure.'™ Moreover, Ascomycin,
another macrocyclic peptide, which is also used as a strong
immunosuppressant, showed an excellent interaction with cell

membranes and proteins owing to the localization of the polar and

non-polar functional groups along the circumference of the
macrocycle.!"® Inspired by these natural macrocyclic systems, we
designed and synthesized an amphiphilic flexible macrocycle that
readily self assembles to passively diffuse through the cell
membrane and can efficiently deliver proteins, and DNA directly
to the cytosol. This cell penetrating macrocycle (CPM) can readily
complex the biologics load through various non-covalent
interactions and deliver these cargos to the cytosol efficiently
(Figure 1). The CPM self-assembly is reminiscent of the self-
assembly of nanoscale peptides ' and non-covalent interactions
of Amphotericin B monomers to form an octameric membrane
pore.'"8l Moreover, in contrast to the previously reported cyclic
peptides that require tedious synthesis, 'y CPM can be prepared
in high yield via a one-step condensation reaction starting from
the biocompatible diketopyrrolopyrole (DPP) lactam.?®) DPP was
originally chosen not only for its amphophilic nature but also due
to its intense fluorescence which allows us to monitor CPM uptake
and pathways inside cells. The design principle of CPM depends
on incorporating polar and nonpolar groups that are capable of
forming internal hydrogen bonds in a dynamic structure (Figure
1a-b).

demonstrated that passive membrane permeability is a feature of

Previous investigation of macrocyclic peptides has

synthetic systems that can readily take up conformations with
internally satisfied hydrogen bonding while permeability was
hugely compromised when hydrogen-bonding groups were
the solvent.? The weak non-covalent

oriented towards

interactions, such as hydrogen-bonding, electrostatic and
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hydrophobic interactions, control the dynamic processes of
membrane translocation of a carrier system. Therefore,
supramolecular systems utilizing these non-covalent interactions
are powerful tools to understand and develop conceptually smart

non-viral delivery vectors.

Results and Discussion

Design and synthesis of CPMs

Over the years, DPP

photoluminescence (PL) properties have been used as

lactams with their outstanding

fluorescent probes for various applications, such as detection of
essential biological components, bio-imaging and even cancer
therapy.?? Their distinct structural features with the presence of

two hydrophobic side chains and two lactam rings polar groups

make them the ideal building blocks for an amphiphilic macrocycle.

[4.23] The chemical structure and synthetic route to the CPM are
shown in supporting information Scheme S1. Starting with the
DPP-aldehyde (Ald) (Figure S1-3), the target (3+3) CPM was
synthesized through the Schiff base condensation reaction with
(1R,2R)-(+)-1,2-Diaminocyclohexane L-tartrate
reduction with NaBHs (Scheme S1). The formation of CPM was
confirmed by 'H NMR, ®C NMR and ESI-MS spectrometry
(Figure S1-10). In the '"H NMR, CPM displays two doublets in the
aromatic region (7.79 and 7.52 ppm) due to its highly symmetrical

followed by

cyclic structure (Figure S7). In the '3C NMR spectrum, CPM gives
15 peaks in the aromatic region that can be assigned to the DPP
core and cyclohexane diamine (Figure S8). All these results
confirm the formation and the proper characterization of CPM. To
gain more insight on the structural features of CPM, a diffusion
ordered 2D NMR spectroscopy (DOSY) was performed, which
showed a single diffusion coefficient (D) value of 3.4x101° m?%/s.
This suggests that a single component is formed rather than a
mixture of products (Figure S10).

Structurally, CPM consists of a heterocyclic dilactam macrocyclic
scaffold with alternate hydrophilic region containing multiple C=0,
NH, N-methylated groups and a hydrophobic region containing
benzene, cyclohexane and long isopropyl side chains.
Interestingly, this amphiphilic nature along with its flexible amine
bonds, allows it to self-assemble into micellar-like secondary
structures utilizing non-covalent intermolecular interactions in
aqueous media and to readily interact with the biologics load
(Figure 1b). To investigate the structural morphology of the self-
assembled CPM,

microscopy (HR -TEM), and atomic force microscopy (AFM),

high-resolution  transmission  electron

measurements were done, which confirmed the formation of
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micellar-like nanospherical structures (Figure 2a,b). To further
analyze the surface properties of the CPM assembly, the zeta
potential was measured to be +20 mV suggesting its cationic
nature compared to the starting (Ald) (Figure 2d). As to the
spectroscopic characterization, the fluorescence spectrum of Ald
exhibits a maximum fluorescence band at 590 nm with a shoulder
at approximately 625 nm upon excitation at a wavelength of 450
nm (Figure S11a). The introduction of the amine bond upon the
formation of CPM shifts the emission wavelength to near 540 nm
(Figure S11b). This blue shift observed in CPM is due to the loss
of C=0 m bond, thus, making CPM less conjugated compared to
Ald. The physical properties of CPM were explored at different pH
values and dilution degrees (Figure S11c). The fluorescence
spectra did not show much change with respect to the change in
the pH. However, upon dilution, the fluorescence emission peak
changes from 580 to 540 nm (Figure 2 e,f). At a concentration of
40 uM, the CPM exhibited a fluorescence peak at 540 with a
shoulder peak at 580 nm. Upon increasing the concentration to
90 uM, the CPM displayed aggregation caused quenching (ACQ)
with a decreased single broad emission peak observed at 580 nm.
The significance of this finding is that this fluorescence change
can help monitor the uptake of the system by the cells, where a
fluorescence shift towards 540 nm will be expected with more
CPM diffusing through. Remarkably, CPM have a high quantum
yield of 51% measured in reference to the standard Rhodamine
6G dye with significant two photon absorption cross-section of 24
(Figure S11d-e). The fluorescence decay was found to be strictly

mono exponential and falling in the 5-6 ns range (Figure S12).

Cellular permeability

Before testing the permeability of CPM, we tested the
biocompatibility of our synthetic platform. CPM showed a high
biocompatibility of = 200 ug ml*" in HDFn and HelLa cells, which is
considerably higher than the precursor Ald (Figure S13a-b)
similar trends were observed with other cell lines as well (Table
S1). We then Investigated the ability of the molecules to passively
diffuse into live cells by testing their migration through a
phospholipid-impregnated membrane from a donor compartment
to an acceptor compartment in a parallel artificial membrane
permeability (PAMPA) assay. As expected, CPM effectively
passed through the membrane compared to Ald and the rigid
Schiff-based imine macrocycle (RM) (Figure 3a, Figure S4-6).
Prompted by the success in PAMPA, we tested the cellular uptake
by incubating CPM using different concentrations as shown in
Figure S14. CPM can be detected even at low concentration of

0.5ug ml', however, 10 ug ml™' was used in all

This article is protected by copyright. All rights reserved.

35101 SUOLUWIOD BANIES.D) 3]eo![dde au Aq pauBA0B 812 A1 YO ‘88N J0 S3M 10} ARl 1:8U1IUQ ABJIM U0, (SUO 1 IPU0D-PUB-SWS)LICD A8 (1M ALRJq1[pU|uO//SdNy) SUOTIPUOY PUe LB L 3 895 *[7202/90/72] Lo ARIq1] 3UIIUG 3|1 ‘92UsiS JO AISBALIN JILRE| AQ 59607202 @ 1Ue/Z00T OT/I0p/LI0Y" A3 1M Afeid1joul U0/ Sdny Wouj pepeolumoq ‘el ‘€//8TZGT



Angewandte Chemie International Edition

10.1002/anie.202403647

WILEY . vcH

a b c
< 1] e ’
. . !
20 s S » FR
r .
; ! s e® 158nm 0k wk
- ey~ TAT 2
5 ” % . Pk Y
10.0 : I"A':o.,)ﬁy“lﬁ::." .
ave o *s MR
v 5.0 et N4
e 18
‘;. ® < 5 e .
N ] : -2.3 ¢ 80-120 nm »
d e f Emission at 540 nm
100
9x10
2.5x10° —9mM 4x109
—8mM
40
2.0x10° —7mM 2
> —6mM g
20 "B 1.5x10° 5mM 2 50
c 4 mM [= CPM
3 3mM - 10
€ 1.0x10° 9x10
— —2mM

5.0x10°

Zeta-potential (mV)
o
l

0.0+

L~

Emission at 580 nm

0 S

Ald  CPM 500 550 600

Wavelength (nm)

650 700 500 550 600 650 700 750 800 850

Wavelenght (nm)

Figure 2. Self-assembly of CPM. a. TEM images. b. AFM images. c. Self-assembled CPM nanospherical structure obtained through insilico method. d. zeta-

potential measurements of Ald and CPM. Error bars are based on SEM (n = 3). e-f. The change in fluorescence spectra of the CPM in THF upon dilution.

Subsequent experiments as it showed very bright green
fluorescent within HeLa and nHDF cells. Moreover, a strong
green fluorescence signal (Ex. 495 nm) inside the cells and an
intense red fluorescence signal (Ex. 544 nm) from the aggregates
outside can be clearly detected (Figure 3b). This indicates that the
material possesses a blue-shifted excitation and emission spectra
upon dispersion in cells, which supports our original findings when
conducting the dilution experiments (Figure 2e-f).

More significantly, this observation greatly simplified the detection
of the cellular uptake without the need to use Z-stack. As a control,
10 yg ml" of Ald were tested together with RM with HelLa and
HDFn for which no fluorescence signals were detected inside the
cells (Figure 3d & S15). This further proves that the dynamic and
flexible structure of CPM plays a big role in'its cellular permeability.
The cellular uptake was quantified by the corrected total cells
fluorescence intensity (CTCF) and by a spectrophotometer to
measure the fluorescence in the cell lysate after 1h incubation
with the molecules. These experiments confirmed the PAMPA
results as CPM showed a stronger fluorescence signal in cells
and cell lysate compared to Ald and RM (Figure 3a, c). To gain
more insight into the uptake of CPM with HeLa cells, real time live
imaging was implemented using CLSM. Within minutes, CPM
exhibited a continuous increase in the intracellular green
fluorescence signal with negligible background signal outside the

cells (Video S1). Moreover, CPM had a distinct dynamic

distribution patterns in the cytoplasm and perinuclear area; it
showed a tendency to follow the endomembrane system that
consists of endoplasmic reticulum (ER), Golgi apparatus, and lipid
vesicles 4 (Figure 3e, Video S2). The fast uptake supports that
CPM can enter the cell through passive diffusion, an energy-
independent pathway.l'” To further examine the cellular uptake
mechanism, the lipid-raft endocytosis pathway was inhibited
using Methyl-B-cyclodextrin (MBCD).?5! MBCD did not affect the
uptake of CPM in HelLa and HDFn cells after 30 minutes of
incubation which supports our hypothesis towards the passive
uptake (Figure S16a-b). Furthermore, we investigated the uptake
of CPM with HelLa cells at low temperature (4°C) as it is known
that all active cellular uptake is interrupted and only passive
diffusion can occur below (10°C).%! After 1hr of incubation, both
cells incubated at 37 and 4°C showed a bright green fluorescence
in the cytoplasm which further proved the passive diffusion and
uptake of CPM. In addition, the green fluorescence was detected
in the cytoplasm and Golgi apparatus at 37°C, whereas it was
evenly distributed in the cytoplasm at 4°C confirming the dynamic
properties of CPM as cellular activity is hindered at 4°C (Figure
S17, S18). We took a step back to explore the mechanism of
cellular uptake based on the structure of the CPM and its
interaction with the plasma membrane. As postulated in the
original design, the amphiphilic nature together with the ability to

form internal hydrogen- bonding
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Figure 3. Permeability and cellular uptake. a. Fluorescence of the compounds were measured using fluorescence spectrophotometer in the acceptor well of the
PAMPA assay after 24 hr. b. CLSM images of the uptake of 10 ug ml"' of CPM with HeLa cells for 1 hr. FITC: Ex. 495 nm, Em. 520 nm and TRITC: Ex. 544, Em.
570 nm. The yellow arrow points to CPM aggregates outside the cells. c. Corrected Total Cells Fluorescence Intensity (CTCF) of the uptake of 10 ug ml*' of Ald,
RM and CPM with HeLa cells for 1 hr. d. CLSM images of the uptake of 10 ug ml"! of Ald, RM and CPM with HeLa after 30 minutes. e. CLSM images of the uptake
of 10 ug ml"* of CPM with HelLa overtime. Error bars are based on SD (n = 4). Statistical significance was calculated by one-way ANOVA : *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.

assembly where the non-polar groups are positioned towards the
outside while the polar groups are hydrogen-bonding towards the
inside of the assembly (Figure 1a-b). Besides, it is crucial for large
molecules with passive membrane permeability to have a flexible
structure and ability to form internal hydrogen bonds. Therefore,
the flexible structure of CPM in the presence of six N-H hydrogen
bonding sites facilitated its diffusion through the plasma
membrane mimicking the cyclic peptide cyclosporin A (CSA)210!
Thus, based on these results we concluded that the self-
assembled CPM nanosphere translocate through the cell
membrane initiated by first making the contact with the polar
heads of the membrane through its surface polar N-H groups and
then translocate through the lipid bilayer with the help of exterior
hydrophobic groups (cyclohexyl and isopropyl groups).
Chaperoning proteins and DNA

Delivering biomolecules such as proteins and nucleic acids
passively to the cytoplasm through endocytosis independent
pathway (passive diffusion) possesses a great challenge mostly
due to the cargos hydrophilic nature and large molecular weight
which hinders their passive uptake.8! After proving the passive
diffusion of CPM across the cell membrane, we further checked
the ability of CPM to chaperone biomacromolecules directly to the
cytosol.?l Thanks to its amphiphilic and flexible nature, CPM
formed complexes with various proteins. We speculated that
these complex assembled structures may be able to passively
translocate protein cargos inside the cell. To test the delivery
capability of CPM, we chose protein cargoes of different sizes and
charges: mScarlet (26 kDa), bovine albumin serum (BSA) (66.5
kDa, negatively charged), lysozyme (14.3 kDa, positively
charged), and a large protein-RNA complex (SauCas9-gRNA,

196 kDa). The negatively charged fluorescent protein, mScarlet,
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Figure 4. a. Cytotoxic effect on HelLa cells of lysozyme and CPM complex. b. CLSM images of HelLa cells treated with lysozyme, CPM-Lyso, and pierce-Lyso
complex after 4hr. c. CLSM images of HeLa cells treated with RNP, and CRISPRMAX RNP. d. SDS agarose of the PCR products of GFP gene amplification after
treatment of MCF-7-GFP cells with RNP, CPM- RNP, and CRIPRMAX RNP, 3-actin was used as control (the bands were spliced from the full size gel Figure S21a).
e. Western blot of GFP in GFP-labelled MCF-7 cells treated with RNP, CPM- RNP, and CRISPRMAX RNP to inhibit the expression of GFP protein, GAPDH was

used as loading control (the bands were spliced from the full size blot Figure S21b). Error bars are based on SD (n = 4). Statistical significance was calculated by

two-way ANOVA : * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000

8 was complexed with CPM or a commercial protein transfection
reagent (pierce) and incubated with HelLa cells for 4h. CPM-
mScarlet showed a strong red fluorescent signal inside the cells
whereas only a very faint signal was observed with the Pierce-
transfected mScarlet. This suggested that CPM can deliver, and
release negatively charged protein more efficiently than the
commercial kit (Figure S19 a). We next investigated the uptake of
a larger protein, BSA, labeled with Alexa Fluor 647 in complex
with CPM. After 4 h incubation with HelLa cells, a strong red
fluorescent signal was detected inside the cells whereas a only
avery faint signal was observed with the free protein, confirming
that CPM can deliver and release BSA inside Hela cells (Figure
S19b). We then investigated whether CPM delivery and release
could maintain protein bioactivity, which would be crucial for
protein-based therapeutic applications. Lysozyme has been
reported to have an anti-proliferative effect on human cancer
cells.?’! As shown in Figure 4a, the viability of cancer cells treated
with CPM-lysozyme indeed decreased in comparison to lysozyme
alone which indicates the efficient delivery and function of this

protein within the cytosol. For comparison, the cellular uptake of

Alexa Fluor647-labelled lysozyme was investigated using the
Pierce reagent. As shown in Figure 4b, only CPM-Lysozyme
showed a red fluorescent color inside of cells, indicating
successful delivery. In summary, CPM can thus effectively
complex with small and large proteins regardless of their charges,
unlike the positively charged Pierce reagent which can complex
and deliver only negatively charged proteins. Our next objective
was to deliver and protect more delicate and complex cargo, such
as the CRISPR Staphylococcus aureus Cas9 (SauCas9)
ribonucleoprotein (RNP) B% in complex with its guide RNA. Unlike
regular Cas9 proteins, SauCas9 can be directed to cleave either
specific DNA or RNA targets. For easier detection, we expressed
SauCas9 as a fusion protein with the spyCatcher domain B
which allowed us to autocatalytically assemble it with a separately
purified mScarlet-1 fluorescent protein featuring a matching
spyTag. The overall molecular weight of this covalent SauCas9-
spyCatcher-mScarlet fusion construct in (noncovalent) complex
with a guide RNA comprised 196 kDa (170 kDa + guide RNA).
CPM formed a nanospherical complex immediately upon the

addition of mScarlet-labelled RNP which was confirmed by zeta-
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Figure 5. a. Zeta-potential measurements of CPM-DNAzyme complex while increasing the ratio of CPM to DNAzyme. b. Gel-Retardation assay for CPM with
DNAzyme as it complexes in HEPES buffer. ¢. Hydrodynamic size of CPM and CPM-DNAzyme. d. AFM image of CPM-DNAzyme complex e. Cytotoxicity of Ctrl
DNA, DNAzyme, CPM, and CPM-DNAzyme complex against MCF-7 cells. f. CLSM images of MCF-7 cells treated with labelled DNAzyme, CPM, and CPM-
DNAzyme complex after 4hr. g. Western blot of EGR-1 protein in MCF-7 cells treated with Ctrl DNA, DNAzyme, CPM-Ctrl DNA,and CPM-DNAzyme to inhibit the

expression of EGR-1, GAPDH was used as loading control (the bands were spliced from the uncropped image Figure S22). Error bars are based on SEM (n = 3).

Statistical significance was calculated by one-way ANOVA and multiple comparisons test: (*, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001)

potential, hydrodynamic size, and AFM images (Figure S20 a-c).
The zeta-potential decreased and the size of the molecule
increased from 20 to 200 nm upon complexation of CPM with the
RNP. We pre-loaded the SauCas9 with a guide RNA that
targeted the mRNA of a green fluorescent protein (GFP)
overexpression construct. The successful transport and
intracellular release of the functional RNP complex would lead to
a (non-permanent) knockdown of GFP expression without
interfering with the cell's genome. We incubated HeLa and GFP-
positive MCF-7 cells with RNP alone, the commercial transfection
reagent CRISPRMAX, and with the CPM-RNP and followed the
RNP distribution throughout HelLa cell as well as the expression
of GFP in GFP-positive MCF-7 cells. As shown in Figure 4c, CPM-
RNP gave the highest red fluorescent signal in the cytoplasm
compared to free RNP and CRISPRMAX-RNP when incubated
with Hela cells.®3 More importantly, the level of mRNA
decreased by about 55% with CPM-RNP whereas no significant
difference was detected between CRISPRMAX-RNP and
negative control after 48 h (Figure 4d). Indeed, CPM-RNP
reduced the GFP protein expression by 56% outperforming
CRISPRMAX which caused a 32% reduction (Figure 4e).Based

on these experimental observations, we concluded that CPM
efficiently delivered fully functional proteins into the cytosol

regardless of their size, charge or complexity.

Inspired by the delivery of a protein — RNA complex, we
proceeded to evaluate the delivery and function of a pure nucleic
acid DNAzyme using the CPM. DNAzyme is a single stranded
DNA (ssDNA) that binds to its target mRNA through Watson—
Crick base pairing and cleaves the targeted mRNAs to inhibit their
translation to protein. We targeted the early growth response
(EGR-1) protein which is a growth factor that stimulates cell
proliferation and chemotaxis ['7]. First, we evaluated the
interaction and complex formation between our system and
ssDNA. The complexation of CPM with DNAzyme was
investigated using gel-Retardation Assay. As shown in figure 5a,
DNAzyme’s zeta potential increased proportionally to the addition
of CPM until it reached an equilibrium around 0.5:1 mass ratio of
CPM to DNAzyme. Moreover, gel-Retardation Assay was used to
further confirm the complexation between CPM-1 and DNA; the
complexed structure would be retreated and no migration of DNA

will be detected on the gel. As presented in Figure 5b, the DNA
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within the complex did not migrate and was not detected on the
gel. In order to investigate the structure of the assembled complex,
AFM analysis was done and showed the formation of spherical
nanostructures of size 80-120 nm which was consistent with the
DLS measurement (Figure 5c-d)

The cellular uptake of the CPM-DNAzyme complex was
using CLSM and CY5 labelled DNAzyme.

Fluorescent signal was detected after 4hr of incubation inside

investigated

MCF-7 cells, whereas no signal was detected with free DNAzyme
(Figure 5f). In order to prove the underlying gene silencing
mechanism on the expression of EGR-1 protein, both active and
inactive DNAzyme sequences were used. As presented in figure
5e-g, the CPM-DNAzyme caused a significant reduction of EGR-
1 protein level and showed antiproliferative effect in MCF-7
cells with no reduction of EGR-1 protein level observed for cells
treated with control DNA, CPM, and DNAzyme. These results
suggest that the reduction in EGR-1 expression is caused by
mRNA degradation upon the effective delivery of DNAzyme using

the CPM as gene delivery vehicle.

Conclusion

A [3+3] fluorescent cell penetrating macrocycle CPM was
obtained through Schiff base reaction using the DPP core unit.
The in vitro studies using this macrocycle clearly demonstrate a
remarkable cell penetration ability into both normal and cancer
cells. The CPM macrocycle was effective for imaging and delivery
at the nanomolar scale (300 nM) without any notable toxicity or
interference with the cellular processes. Moreover, the self-
assembled nanostructures based on the intermolecular hydrogen
bonding were able to bind and deliver the RNP and DNAzyme
cargos directly to the cytosol outperforming commercially
available carriers. The macrocycle CPM exhibits outstanding
dynamic fluorescence properties and passive cellular
permeability mechanism rendering it a great candidate for
imaging and drug delivery applications. Moreover, CPMs can
efficiently deliver fully functional proteins and genetic materials
into the cytosol regardless of their size, charge or complexity. We
expect that such a class of self-assembled dynamic macrocycles
will further our understanding of the factors that affect the cellular

permeability of charged and large biological molecules.
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A cell penetrating macrocycle (CPM) with flexible amine linkages and amphiphilic nature assembles into a micellar-like structure that
can passively permeate through the cell membrane. CPMs can efficiently transfer fully functioning proteins and genetic materials into

the cytosol, independent of size, charge, or complexity.
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