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Abstract: Carbon nanodots present resistance to photobleaching, bright photoluminescence, and supe-
rior biocompatibility, making them highly promising for bioimaging applications. Herein, nanoprobes
were caged with four-armed oligomers and subsequently modified with a novel DBCO–PEG-modified
retro-enantio peptide ligand reL57, enhancing cellular uptake into U87MG glioma cells highly ex-
pressing low-density lipoprotein receptor-related protein 1 (LRP1). A key point in the development
of the oligomers was the incorporation of ε-amino-linked lysines instead of standard α-amino-linked
lysines, which considerably extended the contour length per monomer. The four-armed oligomer
1696 was identified as the best performer, spanning a contour length of ~8.42 nm for each arm, and
was based on an altering motive of two cationic ε-amidated lysine tripeptides and two tyrosine
tripeptides for electrostatic and aromatic stabilization of the resulting formulations, cysteines for
disulfide-based caging, and N-terminal azidolysines for click-modification. This work highlights
that well-designed four-armed oligomers can be used for noncovalent coating and covalent caging of
nanoprobes, and click modification using a novel LRP1-directed peptide ligand facilitates delivery
into receptor-expressing target cells.

Keywords: click chemistry; retro-enantio ligand; low-density lipoprotein receptor; carbon nanodot;
sequence-defined oligomer

1. Introduction

Early detection of numerous diseases, particularly glioblastoma, the most aggressive
brain tumor, is a critical aspect in clinical practice; with the help of diagnostics, the five-year
survival rate for malignant brain and other central nervous system tumors in the United
States has risen to 35.7% [1,2]. Unlike traditional organic small molecules that possess
deficiencies such as poor solubility as well as photo-instability [3,4], carbon nanodots (zero-
dimensional nanoparticles) with a sp2- and sp3-hybridized carbon skeleton offer resistance
to photobleaching and superior aqueous dispersibility, making them new contributors to
medical imaging [5–8]. Importantly, the emission wavelength of carbon nanodots can be
well-regulated into the near-infrared or red region through heteroatom-doping and creating
surface defects [9–12]. The deeper tissue penetration of red carbon nanodots (RCDs) is
therefore well achievable based on long-wavelength emission [13–15].

Nevertheless, two distinguishing marks of clinical importance that characterize brain
tumors are that they have restricted vascular barriers as well as a dense extracellular matrix
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with poor permeability. These two features, defined as the physiological and pathological
barriers, respectively, pose technological bottlenecks for the delivery of nanoprobes to
the pathological site [16,17]. Additionally, naked ultrasmall carbon nanodots (less than
5.5 nm in size) typically undergo rapid clearance from the bloodstream through the renal
removal route, so attenuating the effective accumulation and inducing function loss [18,19].
Prolonged systemic circulation and efficient biodegradation often present conflicting re-
quirements for most nanoparticles, further complicating this issue.

Enhancing the permeability of nanoprobes into the brain via receptor-mediated tran-
scytosis across the blood–brain barrier (BBB) results in high specificity, and is, therefore, a
strategy that is extensively investigated [20–22]. Low-density lipoprotein receptor-related
protein 1 (LRP1) is a large single-pass transmembrane receptor that is highly expressed
in brain endothelial cells and upregulated in some effector cells, such as melanized neu-
rons in the substantia nigra and glioma cells [23–25]. Ligands out of this receptor family,
including apolipoprotein E, lactoferrin, and angiopep-2, have been well explored [2,26–28].
Angiopep-2, a 19-amino-acid long ligand, is of particular interest; it has been reported
to effectively cross the BBB and deliver covalently bound drugs into the brain [2,29].
Building on the success of angiopep-2, the sequence of this ligand was used as a ba-
sis for investigating potential enhancements, leading to the synthesis of L57 (sequence:
TWPKHFDKHTFYSILKLGKH–COOH) as a novel artificial LRP1 ligand with superior
performance in cellular uptake and BBB permeability compared to angiopep-2 [30].

In the aforementioned targeting strategies, reliable methods for coating drug nanopar-
ticles are of utmost importance. Strategies for covalent modifications, encapsulation within
lipid membranes, and noncovalent surface modifications of nanoparticles have been pur-
sued. A series of physicochemical strategies to enhance targeted drug delivery by polymeric
micelles have been reported [31,32]. These approaches include smart processes such as
the physical complexation of macromolecules followed by subsequent covalent entrap-
ment [33]. In our previous work, a noncovalent coating method for protein nanoparticle
using cationic four-arm oligomers was developed, which mediated intracellular nanobody
delivery in a receptor-facilitated process [34]. The presence of disulfide-forming cysteines
in the four-armed oligomers was found to be crucial for the formation of stable protein
nanoparticles. In our current work, a new library of four-armed oligomers was established
to enable surface shielding and targeting of RCDs. These oligomers were synthesized
by a solid-phase supported peptide synthesis (SPPS) methodology analogously as in our
own and other previous work [35–37]. To achieve successful layer coating of the nega-
tively charged hydroxynaphthalene-derived RCDs through electrostatic interactions, each
of the oligomers should contain two or three lysine tripeptide motives with positively
charged amines. The lysine units were incorporated as standard α-amino or ε-amino
amidated lysine amides. Optionally, alternating blocks of tyrosine or leucine tripeptide
were included, serving either as aromatic or hydrophobic domains to further stabilize
the coating of RCDs. At the N-terminus of each arm, cysteines and azidolysines were
included. Cysteines were considered to form stabilizing disulfide bonds to enhance the
caging of the RCDs. The azido moieties were introduced for subsequent strain-promoted
azide-alkyne cycloaddition (SPAAC), to enable shielding and targeting of caged RCDs
with ligand–PEG–dibenzocyclooctyne (DBCO) conjugates. Within the current project, a
novel protease-resistant retro-enantio peptide analog of L57 (reL57) was also developed
and characterized.

2. Materials and Methods
2.1. Materials and Chemicals

Fmoc–Ala–Wang resin, 2-chlorotrityl resin, and protected Fmoc–amino acids were acquired
from Iris Biotech (Marktredewitz, Germany). Triton™ X-100, 1-hydroxybenzotriazole (HOBt),
acetic anhydride, 1,2-ethanedithiol (EDT), triisopropylsilane (TIS), N,N,N′,N′-tetramethyl-O-
(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), 1,8-diazabicyclo undec-7-ene
(DBU), tris(2-carboxyethyl)phosphine (TCEP), (benzotriazol-1-yloxy) tripyrrolidino phos-



Polymers 2023, 15, 4039 3 of 17

phonium hexafluorophosphate (PyBOP), N,N-diisopropylethylamine (DIPEA), N-methyl-
2-pyrrolidone (NMP), and methyl thiazolyl tetrazolium (MTT) were sourced from Sigma-
Aldrich (Munich, Germany). N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)
(HEPES) was purchased from Biomol GmbH (Hamburg, Germany). N-hexane and tert-
butyl methyl ether (MTBE) were obtained from Brenntag GmbH (Essen, Germany). Fmoc–
N-amido–dPEG24–acid was supplied by Quanta Biodesign (Plain City, OH, USA). Trifluo-
roacetic acid (TFA) and Ellman’s reagent were purchased from Thermo Scientific (Waltham,
MA, USA). Cell culture media, penicillin, fetal bovine serum (FBS), and streptomycin were
obtained from Invitrogen (Karlsruhe, Germany). Endothelial Cell Growth Medium 2 and
Growth Medium SupplementMix were procured from PromoCell (Heidelberg, Germany).
Syringe microreactors for ligands synthesis were obtained from MultiSynTech (Witten,
Germany). The protected amino acids used in peptide synthesis are listed in Table S1 in
the Supplementary Materials. All chemicals mentioned were utilized as received without
further treatment. Further details can be found in the original Ph.D. thesis of T. B.-H. [38].

2.2. OAA Synthesis

With the assistance of Fmoc-based SPPS, four-armed oligomers 1658, 1664, 1696,
1768, and 1769, containing N-terminal azidolysines, were synthesized in syringe reactors.
Fmoc–Ala–Wang resin served as solid support. The synthesis of the four-armed structures
involved three main processes: loading of Fmoc–Lys(Fmoc)–OH to the resin, coupling of
Fmoc–amino acids to extend the sequence, and cleaving of the resin. In detail, the backbone
of the oligomer was automatically synthesized by a peptide synthesizer (Biotage, Uppsala,
Sweden). Reagents were prepared as follows: 4 equivalents (eq) of HOBt were dissolved
in DMF with 1% Triton™ X-100, 4 eq of Fmoc-protected amino acid were dissolved in
the solution; 4 eq of HBTU were dissolved in DMF with 1% Triton™ X-100, and 8 eq of
DIPEA were dissolved in NMP containing 1% Triton™ X-100. Every coupling reaction
was carried out two times for 12 min at 75 ◦C. Manual couplings were performed as single
couplings with a 120 min incubation period. All couplings that involved cysteine were
conducted at room temperature (RT) to prevent cross-linking of free thiols. After coupling,
deprotection was performed in 4 cycles for 12 min with a DMF solution containing 1%
Triton™ X-100, 2% DBU, and 20% piperidine. After coupling and deprotection, the resin
was washed with DMF 5 times. The introduction of branching points within the oligomer
backbone was realized by utilizing Fmoc–Lys(Fmoc)–OH. After completing the entire
oligomer sequences, the resins were vacuum-dried before cleavage. Cysteine-containing
sequences were subjected to cleavage using a cocktail comprising 94% TFA, 2.5% H2O,
2.5% EDT, and 1% TIS. The resulting oligomers were precipitated in a cooled precipitation
solution composed of MTBE and n-hexane (1:3). After centrifugation at 4000 rpm for 15 min,
the resulting products were dried at RT under N2 gas flow. Size exclusion chromatography
was employed to further purify the obtained oligomer solution utilizing an Äkta purifier
system (GE Healthcare, Uppsala, Sweden. A solvent of 10 mM HCl/acetonitrile (ACN) in
7:3 used. The purified OAA solutions were subsequently lyophilized.

2.3. DBCO–PEG–Ligand Conjugate Synthesis

To synthesize DBCO–PEG24–L57 (DBCO–C–PEG24–TWPKHFDKHTFYSILKLG-
KH–COOH), we initiated the synthesis on 2-chlorotrityl resin preloaded with Fmoc pro-
tected His(Trt)–OH. The targeting peptide sequence was completed via automated SPSS.
Subsequently, Fmoc–PEG24–OH and Fmoc–L–Cys(Trt)–OH were coupled to the sequence
manually. The structure was cleaved from the resin by incubation with TFA:H2O:EDT:TIS
(94:2.5:2.5:1) for 90 min. The resulting product was precipitated in 40 mL of a precooled
mixture (1 part MTBE to 3 parts n-hexane). After centrifugation (4000 rpm, 4 ◦C, 15 min)
the precipitate was dried and subsequently dissolved in 20 mM HEPES buffer. The pH of
the solution was adjusted to 6.5, ensuring an adequate pH value for the conjugation of the
sulfhydryl group, forming a thioether bridge with maleimide-DBCO. An excess of 2 eq
of DBCO–maleimide dissolved in DMF was used. After incubating the mixture for 16 h
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at 4 ◦C, the resulting product was purified through preparative high-performance liquid
chromatography (LaPrep system, VWR International GmbH, Darmstadt, Germany) using
a SymmetryPrep C18 column (7 µm, 19 × 150 mm). The purified ligand was subsequent
lyophilized. The scrambled DBCO–PEG peptide conjugates of L57, its retro-enantio version,
and reL57–C terminated with cysteine were synthesized accordingly. The molecular struc-
ture of the ligands was further identified by the matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry.

2.4. RCD Synthesis

1,3-Dihydroxynaphthalene (100 mg) and KIO4 (400 mg) were dissolved in 100 mL
ethanol. The resulting solution was transferred to a 200 mL poly(tetrafluoroethylene)-lined
autoclave and heated at 180 ◦C for 2 h. After that, the autoclave was cooled naturally to RT.
The solution was purified using silica column chromatography with an eluent mixture of
methyl alcohol and dichloromethane (1:20). Subsequently, the RCD powder was obtained
by freeze-drying.

2.5. Characterization of RCD

A transmission electron microscope (TEM) with 200 kV acceleration voltage (JEM-
2100F, Tokyo, Japan) was used to investigate the morphologies of RCDs. The Fourier-
transform infrared (FT-IR) spectrum was obtained from the Thermo Nicolet AVATAR 360
FT-IR using the KBr pellet method. A 1H NMR was performed on a DMX 500 (Bruker,
Bremen, Germany) with deuterated chloroform as the solvent. The ultraviolet-visible
absorption spectra were recorded on a UV-2401PC absorption spectrometer (Shimadzu,
Melbourne, Australia). The fluorescence spectra were measured on the FS5 fluorescence
spectrometer (Edinburgh, UK). The RCDs were dispersed in water or PBS with various pH
and different UV exposure (ZW14S15W) periods for photostability measurements at RT.
Optical and photographs of RCDs were taken by a common Canon camera under daylight
and UV light (395 nm).

2.6. RCD@OAA Preparation

First, RCD and OAA HEPES buffers with the same volumes were prepared, then
the RCD@OAA were formed by mixing OAA and RCD solution by pipetting (10 times),
followed by incubation at 37 ◦C for 1 h. A dose titration of RCD@1696 was performed by
adding different amounts of oligomer to 1 µg RCD.

2.7. RCD@1696–Ligands and RCD@1696–PEG Preparation and Characterization

RCD@1696–ligands and controls were prepared based on the click chemistry between
the azide group of 1696 and the DBCO group of the ligands or the PEG control. The
amount of DBCO agents required was calculated according to the molar ratios between
the azide groups to DBCO groups. In detail, RCDs@OAA were dissolved in HEPES
buffer (20 mM, pH 7.4), and simultaneously, DBCO–PEG–ligand or DBCO–PEG conjugates
HEPES buffer with different molar ratio (0.5, 2, and 4) were also prepared. The final
formulations preparation was performed by quickly mixing the two solutions using a
pipette and subsequently incubating at RT for 4 h.

The obtained OAAs were confirmed by 1H NMR spectroscopy at 400 MHz (JEOL,
Tokyo, Japan). Deuterium oxide at 4.79 ppm was used as the internal standard to correct
the chemical shifts. Imidazole peaks were taken to normalize the peak. Spectra were
analyzed using MestreNova (Mestrelab Research, Santiago de Compostela, Spain). The
hydrodynamic size and zeta potential of formulations were tested by a Zetasizer Nano ZS
(Malvern, Worcestershire, UK).

2.8. Ellman’s Assay

A 170 µL working solution containing 2.44 mL Ellman buffer (1 mM ethylenediaminete-
traacetic acid, 0.2 M Na2HPO4, pH 8.0), and 60 µL of reagent (5,5′-dithiobis-(2-nitrobenzoic
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acid) solution) were mixed with 30 µL of RCD@1696 solution. The tubes were incubated at
37 ◦C under the exclusion of light for 15 min, and the absorption at 412 nm was recorded
using a spectrophotometer (Thermo Scientific). The calculation of free thiol percentage was
determined by referencing the theoretical amount of thiols, which was 100%, assuming
complete cleavage.

2.9. TCEP Assay

TCEP was applied as a reducing agent to cleave the disulfide bridge between cysteines.
Then, 0.5 M TCEP in sterile RNase-free water was mixed with 100 µL RCD@1696 HEPES
solution to obtain a final TCEP concentration of 0.005 M. After incubating at 37 ◦C or
4 ◦C for different time periods, the relative hydrodynamic size and zeta potential of the
formulations were recorded.

2.10. Cell Viability Assay

One day before the treatments, human glioblastoma-astrocytoma U87MG cells were
seeded on 96-well plates with a density of 5 × 103 cells/well. After 24 h, the cells were
incubated with RCD, 1696, RCD@1696, or RCD@1696–ligand for another 24 h. Then, a
standard MTT assay was performed to test the relative cell viability.

2.11. Cellular Internalization

U87MG cells and human umbilical vein endothelial cells (HUVECs) were plated on
96-well plates at a density of 8 × 103 cells per well, respectively. Following incubation
overnight, different formulations were added to the cell medium. After incubation for
different time periods, the cells were washed with PBS and 500 I.U. heparin to remove the
particles attached to the cell surface. The cells were finally suspended in PBS containing
20% FBS and analyzed using flow cytometry in the ECD channel (Beckman Coulter, Fuller-
ton, CA, USA). The data were analyzed by the FlowJo 7.6.5 software (FlowJo, Ashland,
CA, USA).

2.12. Ligand Competition Assay

hCMEC/D3 cells (2× 104 per well) were seeded on 96-well plates in 100 µL of medium
and incubated for 24 h. Next, the cells were treated with scr-L57 (5 µM), receptor-associated
protein (RAP, 5 µM), and L57 (5 µM), respectively. The cells were incubated with the
respective compounds for 45 min on ice. Afterwards, 6-carboxyfluorescein (6-FAM)-labeled
reL57 was added to the medium and incubated for an additional 20 min at 37 ◦C. Following
this incubation, the cells were washed with 1 × PBS, suspended in PBS buffer containing
20% FBS, and analyzed using flow cytometry.

2.13. Statistical Analysis

Data were expressed as the means ± standard deviation (SD) of at least three inde-
pendent experiments. The statistical significance of the experiments was determined using
the two-tailed Student’s t-test (**** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05; n.s.,
not significant).

3. Results
3.1. Design and Synthesis of Four-Armed OAA for Caging of RCD

For coating and caging RCDs (termed ‘RCD@OAA’), sequence-defined four-armed
OAAs were fabricated via SPSS methodology analogously as previously reported [36,37].
The design of these OAAs was based on the following rationales (Figure 1a):

(i) Each arm of the OAAs contained two or three lysine tripeptides with corresponding
numbers of positively charged amines, facilitating successful layer coating of the neg-
atively charged hydroxynaphthalene-derived RCDs via the electrostatic interactions.
Preferably, the lysine units were incorporated as ε-amino amidated lysine instead
of the standard α-amino amidated lysine residues, increasing the contour length
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of each arm without changing the number of amino acids and positively charged
amines, respectively.

(ii) To enhance the stability of RCD@OAA, alternating with two lysine tripeptide blocks,
two blocks of tyrosine or leucine tripeptides were included, serving either as aromatic
or hydrophobic interaction domains stabilizing the coating of RCDs.

(iii) Thiol groups of cysteines located close to the four N-terminal ends were included that
should cage the coated RCDs by disulfide bridge formation.

(iv) To enable controlled shielding and targeting of caged RCDs with ligand–PEG–DBCO
via SPAAC, N-terminal azidolysines were included.
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Figure 1. Schematic illustration of sequence-defined oligomers and click chemistry-supported
RCD delivery system. (a) Chemical structures of four-armed oligomers with N-terminal azidoly-
sine for post-functionalization, cysteine for forming bioreversible disulfide bridges, tyrosine and
leucine tripeptides, respectively, adopted as aromatic as well as aliphatic spacers, α-amino or ε-
amino-linked lysine tripeptides as cationic components defining the length of each arm. A: ala-
nine; K: lysine; H: histidine; L: leucine; Y: tyrosine; C: cysteine; KN3: azidolysine; x: number of
repetitions. Detailed sequences are listed in Table 1. (b) Schematic illustration of preparation of
RCD@OAA-ligand. (c) Chemical structure of four-armed oligomer linked with ligands via copper-
free SPAAC modification.
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Table 1. Sequences of four-armed OAA. Sequences (left to right) from N- to C-terminus.

OAA ID Number Sequence # (N→ C) Length of Arms *

1658 [[H2N-(N3)K-C-L3-K3-L3-K3-H]2-α,εK-H]2-α,εK-A-COOH 5.40 nm
1664 [[H2N-(N3)K-C-Y3-K3-Y3-K3-H]2-α,εK-H]2-α,εK-A-COOH 5.40 nm
1696 [[H2N-(N3)K-C-Y3-εK3-Y3-εK3-H]2-α,εK-H]2-α,εK-A-COOH 8.42 nm
1768 [[H2N-(N3)K-C-K9-H]2-α,εK-H]2-α,εK-A-COOH 4.32 nm
1769 [[H2N-(N3)K-C-εK9-H]2-α,εK-H]2-α,εK-A-COOH 8.85 nm

# Unless indicated differently, amino acids were linked by standard α–amino amide bonds. For 1696 and 1769,
ε-amino-linked lysine tripeptides (εK) were incorporated. * Contour length of the four arms spanning from
terminal azidolysine to the first histidine before 4-fold branching.

Five four-armed structures (oligomer 1658, 1664, 1696, 1768, and 1769) were selected
for further investigation (see Table 1, and Supplementary Materials Figures S1–S5) after a
preliminary library screen of 21 oligomers [38]. To unravel the impact of the four-armed
OAAs’ structure on the caging of RCDs, it was crucial to analyze each factor individually.
Specifically, to clarify the effect of arm length, we adopted ε-amino linked lysines as
an alternative to the standard α–amino linked lysines, increasing the contour length of
each arm without changing the sequence and the corresponding number of positively
charged primary amines (oligomer 1664 versus 1696, 1768 versus 1769). Two different
alternating tripeptide spacer units were introduced, to explore π–π stacking interaction
between oligomers and hydroxynaphthaline-derived RCDs. These tripeptides are either
composed of tyrosines as aromatic spacers or of leucines as aliphatic hydrophobic spacers
(oligomer 1658 versus 1664). A similar comparison was also utilized between oligomer
1696 and its counterpart 1796, with the latter lacking tyrosine tripeptide motifs.

3.2. LRP1 Targeted DBCO–PEG–Ligand Peptide Conjugates

For PEG-shielding and LRP1 targeting of caged RCD@OAA nanoparticles (Figure 1b),
a series of DBCO–PEG–ligand conjugates were synthesized (Figure 1c and Table 2). In
particular, the novel retro-enantio LRP1 ligand (reL57) containing reversed N- to C-terminal
order of amino acids (sequence: DBCO–CPEG24–hkglklisyfthkdfhkpwt–COOH; small
single letter codes represent (D) amino acids) was attached to a monodisperse PEG-
spacer (24 monomer units) and DBCO for subsequent click reaction (see also Figure S6,
Supplementary Materials). The strategy of retro-enantio peptide ligands was previously
reported as an encouraging strategy for developing protease-resistant ligands [39–42].
Conjugates of the standard peptide L57 sequence, of scrambled L57 sequence, and reL57
containing a terminal cysteine were synthesized as controls. As shown in Figures S6–S9
in the Supplementary Materials, the successful synthesis of these ligands was accurately
demonstrated by matrix-assisted laser desorption/ionization time-of-flight mass spectrom-
etry spectra. Except for reL57-C, the N-terminus of the other three ligands was linked to
the DBCO group and a monodisperse PEG24 spacer to facilitate modification.

Table 2. Sequences of the DBCO–PEG–ligand, control ligand containing terminal cysteine, and
DBCO–PEG reagents synthesized via SPPS. Sequences (left to right) from N- to C-terminus. Small
single letter codes: (D) amino acids.

Peptide Name Sequence (N→ C)

reL57 DBCO–C–PEG24-hkglklisyfthkdfhkpwt-COOH
L57 DBCO–C–PEG24-TWPKHFDKHTFYSILKLGKH-COOH

scr-L57 DBCO–C–PEG24-KPFKHGTDLLKHFWYSHTKI-COOH
reL57-C H2N–C–hkglklisyfthkdfhkpwt-COOH

PEG24 shielding domain DBCO–PEG24-COOH
PEG5000 shielding domain DBCO–PEG 5 kDa
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3.3. RCD Synthesis and Characterization

The fluorescent RCDs were fabricated using a solvothermal condensation carboniza-
tion and dehydrogenative planarization strategy, as described in a previous paper [13].
Tunable near-infrared emission was obtained by introducing large π-conjugated structures
derived from 1,3-dihydroxynaphthalene. A TEM measurement revealed that the RCDs
possessed a uniform size and were narrowly distributed around 3.5 nm in diameter, which
was smaller than the permeable size of the glomerular basement membrane (Figure 2a).
FT-IR spectroscopy confirmed the presence of C=O at 1536 cm−1 and C–O at 1271 cm−1

corresponding to the stretching vibration of the carboxyl group, and the peak at 1588 cm−1

corresponding to the π-conjugated system could also be observed (Figure 2b). Moreover,
1H NMR was also utilized to confirm the presence of aromatic H signals in the range of
7.0–8.0 ppm and aliphatic H signals (Figure 2c). Together with the abovementioned results,
it is strongly suggested that the synthesized RCD owned sp2-hybridized skeleton and
reactive carboxyl groups, allowing electrostatic as well as aromatic interactions for further
four-armed oligomers coating and implying relatively strong red emission.
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Figure 2. Characterization of RCD. (a) TEM image, (b) FT-IR absorption spectrum, and (c) 1H NMR
spectrum of RCD. * represents the peak corresponding to the chemical bond. (d) UV–vis absorption
and fluorescence spectra of RCD aqueous solution. The black, red, and blue lines represent UV
absorption, excitation (Ex), and emission (Em) fluorescence spectra, respectively. (e) Solution color
photograph of RCD in deionized water under daylight (left) and UV light (right). (f) Fluorescence
emission intensity of RCD aqueous solution at different excitation wavelengths. (g) Normalized
fluorescence emission intensity, (h) hydrodynamic particle size (number; light blue column), PDI
(dark blue line), and (i) zeta potential of RCD solution under series pH conditions. Data are presented
as mean ± SD (n = 3).

Precursors’ structures and reaction conditions underlie the optical properties of RCDs;
as shown in Figure 2d, the ultraviolet-visible spectrum of RCDs revealed a distinct ab-
sorption peak centered at 476 nm, indicating the formation of conjugated sp2-hybridized
carbon cores, while weak peaks at 300–350 nm corresponded to the n-π* transitions of
RCDs. The as-prepared RCDs could be well dispersed in aqueous media and resulted
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in a red solution under daylight, which turned into bright pink fluorescence under UV
light irradiation (Figure 2e). Significantly, the fluorescence emission intensity of RCDs
depended on the excitation wavelength, with the highest photoluminescence emission
observed at 618 nm when excited with a wavelength of 540 nm, resulting in red fluo-
rescence (Figure 2d,f). Previous papers have demonstrated that fluorescence probes can
exhibit pH- and concentration-dependent switchable fluorescent properties. Figure 2g
and Figure S10 in the Supplementary Materials illustrate the pH-triggered fluorescent
quenching phenomenon of RCDs, which was observed under both acidic and alkaline
conditions. Notably, the related intensity dropped dramatically to 0.2 when the pH was
adjusted from 12 to 13, and gradually decreased in acidic aqueous solutions. It is worth
noting that changing the pH significantly altered the dispersion and solubility of RCDs in
aqueous media. At normal physiological pH (6.8–7.4), the average hydrodynamic diameter
of RCDs, as measured by dynamic light scattering, was 33 nm, but the polydispersity index
(PDI) was unfavorable for biological application (Figure 2h). Moreover, similar to other
conventional fluorescent probes [43], an aggregation-induced quenching effect was also
proved in high concentration-RCD systems (Figure S11, Supplementary Materials). In
contrast to small organic molecules, the synthesized carbon nanodots hold outstanding
photostability to resist photobleaching, which is another critical feature of medical imaging
(Figure S12, Supplementary Materials).

3.4. Screening of Four-Armed OAAs for RCD Coating

The negative zeta potential of RCDs (around –30 mV) promoted the development of
sequence defined, positively charged, four-armed OAAs for addressing aggregation and sta-
bility issues. Successful synthesis was confirmed by 1H NMR spectra (Figures 2i and S1–S5,
Supplementary Materials). According to the principles mentioned above, cationic carriers
and RCDs spontaneously assembled in water, generating RCD@OAA formulations with
positive zeta potentials ranging from +15 to +25 mV (Figure S13, Supplementary Materials).
However, particle sizes and PDI varied widely, indicating that only specific OAA sequences
were suited to cage and entrap the RCDs (Figure 3a). In detail, to comprehensively evaluate
the structure-activity relationship between RCD and OAA, it was crucial to compare dif-
ferent attributes one by one. For instance, comparing the oligomers 1664, 1696, 1768, and
1769 with each other; oligomer 1768, retaining an arm length of ~4.32 nm, was the shortest
among the four, and resulted in particles with a PDI of 0.7, and therefore did not fulfill
caging and entrapment requirements. Conversely, oligomer 1769 owns an arm length of
~8.85 nm, which is attributed to its ε-lysine linked configuration, as opposed to the α-lysine
configuration of 1768. Encouragingly, RCD@OAA based on 1769 possessed a size of 95 nm
and PDI of 0.4; it was more efficient than its counterpart 1768 because of the increased
length. A similar result was observed for 1664 (length of ~5.40 nm) and its counterpart
1696 (length of ~8.42nm), with the latter being more effective due to ε-amino-linked lysine
configuration, compared to the α-amide-linked configuration of 1664.

Furthermore, the presence of aromatic groups is another considerable factor in
RCD@OAA formulation. To investigate this aspect, we incorporated leucines as an aliphatic
amino acid block and tyrosines as an aromatic amino acid block within the oligomers
backbone, respectively. Oligomer 1658 was constructed with leucine units; its particle
showed a diameter of approximately 44 nm and a PDI of 0.7, while its tyrosine counterpart,
oligomer 1664, resulted in particles with a lower PDI. The significance of incorporating
tyrosine units into the sequence was further proven when comparing oligomers 1769 and
1696. The arms of 1769 consist solely of lysine units and are terminated with an azidolysine,
whereas 1696 includes an additional tyrosine triblock. The difference between the resulting
particles in size and PDI was immense. Given the success of 1696, it can be concluded that
both the effects of length increase and tyrosine π-electron stacking play decisive roles in the
3D entrapment of RCD by four-armed OAA.
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Figure 3. Screening of four-armed oligomers for RCD. (a) Particle diameter (number) of RCD@OAA
formulations (1658, 1664, 1696, 1768, and 1769). (b,c) Dose titration of RCD@1696 containing 0 to 9 µg
oligomer 1696 and 1 µg RCD. (d) Ellman’s assay for RCD@1696 conjugation with time dependency of
incubation. Stability analysis of RCD@1696 upon incubation at 37 ◦C or 4 ◦C (e) without or (f) with
0.05 M TCEP added. For figures involving particle diameter and PDI, the columns represent size, the
dots represent PDI. Data are presented as mean ± SD (n = 3).

To further analyze the relationship between RCDs and best-performing OAAs, a dose
titration (w/w) was carried out. Notably, after incorporating oligomer into the system, the
PDI of RCD@1696 decreased with raising amounts of 1696 (Figure 3b). The shift point
for the zeta potential of the formulations was observed within the range of 0.9–1.8 µg of
1696, indicating carrier saturation in the formulation (Figure 3c). The optimal incubation
time was confirmed, the coating of the formulation happened almost instantly, within
0.5 h (Figure S14, Supplementary Materials). The crosslinking reaction of the thiol groups
within the cysteines, which leads to a covalent disulfide bond, required more time and was
introduced as another mechanism for RCD entrapment. An Ellman’s assay was adopted to
quantify the amount of free thiol groups in the formulation (Figure 3d) [44,45]. The amount
of free thiol groups in RCD@1696 dramatically decreased to 65% after 0.5 h incubation and
below 53% within 4 h. In addition, the bioreversible disulfide bridge, together with the
aromatic interaction of tyrosines and amide hydrogen bonds, endowed RCD@1696 with
excellent storage stability, which was confirmed by testing the change in size distribution
at 4 ◦C (Figure 3e). After 4 days of incubation at 37 ◦C, the corresponding PDI raised to
0.4, which was still acceptable for further biological application. Additionally, TCEP, a
typical reducing agent, was applied to cleave the disulfide bridge between cysteine. As
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expected, the size and PDI for RCD@1696 under TCEP-reduced conditions exhibited an
evident increase compared to the untreated conditions (Figure 3f).

3.5. Click Modification of RCD@1696 with DBCO–PEG–Ligand Conjugates

Encouraged by the superior performance of 1696 in enhancing colloidal stability and
aqueous dispersibility, the oligomer was selected for subsequent modification with shield-
ing and targeting domains. The obtained formulation was subsequently conjugated with
different equivalents of DBCO–PEG5000 using click chemistry to generate PEG-modified
nanocarriers (mol/mol) (Table 2). The effect of the PEG feed ratio on the physiochemical
properties of RCD@1696 was revealed. The modified nanocarriers displayed homogeneous
particle formation, with a PDI less than 0.2; surprisingly, the size of RCD@1696 slightly
decreased to 84 nm after modification with 4 eq of DBCO–PEG5000 (Figure 4a). The related
zeta potential gradually decreased from +11 to +3 mV with an increasing PEG-modified
ratio, which indicates the shielding effect of PEG and the successful SPAAC (Figure 4b).
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distribution (number), PDI, and (b) zeta potential of RCD@1696-modified with DBCO–PEG5000 with
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the dots represent PDI. Data are presented as mean ± SD (n = 3).

Most importantly, the presence of azido functionality on the surface RCD@1696 was
a prerequisite for subsequent ligand clicking. Herein, four distinct types of LRP1 ligand
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peptides and control domains were designed and synthesized according to SPPS, and
subsequently coupled with monodisperse Fmoc–PEG24–OH. To avoid degradation and
achieve effective LRP1 targeting, the protease-resistant retro-enantio peptide reL57 was
developed. As shown in Table 2, in contrast to L-configuration peptides in organisms,
reL57 contains all amino acids in D-configuration and reverse N to C-terminal order
(sequence: DBCO–C–PEG24–hkglklisyfthkdfhkpwt-COOH). A conjugate containing the
scrambled sequence DBCO–C–PEG24–KPFKHGTDLLKHFWYSHTKI–COOH, denoted as
scr-L57, served as a control reagent. Additionally, the PEG24 shielding domain (including
24 ethylene oxide monomer units) and reL57-C terminated with cysteine instead of DBCO
were employed as negative controls. As shown in Figure 4c, all ligand conjugations
displayed excellent size distribution in the range of 90–110 nm. There was no significant
difference after modification with 0.5 to 4 eq of DBCO ligand, and a higher ratio with
more than one equivalent did not induce any aggregation (PDI < 0.2), illustrating that
the ligand feed ratio displayed a negligible influence on the physiochemical properties of
RCD@1696. Minimal changes in the zeta potential of the dispersion could be observed after
modification with reL57 and its controls (Figure 4d). Not surprisingly, the hydrodynamic
diameter of RCD (approximately 33 nm) was smaller than that of RCD@1696, whether with
or without 0.5 eq of reL57 modification (Figure 4e).

3.6. Evaluation of reL57 as Targeting Ligand for Receptor-Mediated RCD Delivery

Before confirming the feasibility of receptor-mediated delivery in vitro, the cellular cy-
totoxicity of RCD with and without oligomer, ligand–PEG, and PEG-modification was eval-
uated in human glioblastoma U87MG cells, which express LRP1 at a high level [46]. After
co-culturing U87MG cells with RCDs, oligomer 1696, RCD@1696, and RCD@1696–ligands
for 24 h, respectively, the superior biosafety of the obtained receptor-mediated delivery
system was validated in a cell viability assay as depicted in Figure 5a. Encouraged by the
negligible cytotoxicity, we further explored the endocytosis of the LRP1-derived peptide
system, intending to enhance RCD delivery. Different incubation times (4 h, 8 h, 12 h, and
24 h) of RCDs with U87MG cells were quantified by flow cytometry in the ECD channel
(Ex: 561 nm, Em: 590–630 nm), which was closest to the RCD emission and excitation
wavelengths. Notably, after 8 h of incubation, the cellular uptake of RCDs was at its highest
level, with the mean fluorescence intensity approximately one-fold higher than in the case
of 4 h incubation (Figures 5b and S15, Supplementary Materials). The same tendency was
visible at lower RCD concentrations.

Encouraged by this result, to elucidate the impact of ligand molar ratio on endo-
cytosis, the cellular uptake of the RCD-related ligand system was analyzed (Figure 5c).
Consistent with our expectations, L57 and reL57–PEG-modified nanoparticles mediated
the highest levels of cellular uptake at different equivalents in LRP1 highly expressing
cells, while nanoprobes modified with control ligands (RCD@1696–reL57–C as well as
RCD@1696–scrL57) and naked nanoparticles exhibited the lowest uptake. Moreover,
RCD@1696–reL57 formulations also demonstrated a ligand molar ratio-dependent up-
take characteristic. In particular, RCDs alone generated a signal intensity of around 15,000,
whereas the intensity signal of the corresponding conjugate RCD@1696 slightly increased
to 18,000 due to electrostatic adsorption. It has been well investigated that in the case
of non-targeted nanoprobes, cellular uptake mainly relies on physicochemical properties,
including surface charge, size, shape, and so on [47,48]. Thus, the spherical cationic car-
bon nanodots modified with four-armed oligomer enabled the system to easily attach
to negatively charged lipid bilayers, inducing improved predominant internalization via
clathrin-mediated endocytosis [49]. By comparison, covalent conjugation of PEG24–DBCO
and RCD@1696 resulted in a slight decrease of the intensity, indicating reduced uptake due
to shielding effect.
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Figure 5. Characterization of reL57 and control-ligands-based RCD@1696 delivery system. (a) Cell
viability of U87MG cells treated with RCD, oligomer 1696, RCD@1696, or RCD@1696–ligands for
24 h. Data are presented as mean ± SD (n = 5). (b) Cellular uptake assay of naked RCD (25 µg mL−1)
in U87MG cells measured by flow cytometry after 4 h, 8 h, 12 h, and 24 h incubation. (c) Quantitative
analysis of RCD fluorescence intensity of RCD-related ligands system. The U87MG cells and HUVECs
were incubated with formulations with different molar ratios for 8 h. The initial concentrations of
carbon nanodots for naked RCD and RCD@1696, or RCD@1696–ligands, were equal, and the amount
of oligomer for different formulations was also the same. Data are presented as mean ± SD (n = 3).
Statistical significances were calculated by Student’s t-test. * p ≤ 0.05. n.s., not significant.

To verify that the uptake enhancement corresponded to LRP1 expression, we further
assessed the related endocytosis in LRP1-low-expressing HUVECs [25]. Compared with
naked RCD, incubation of the cells with RCD@1696 for 8 h induced a 4.8-fold improve-
ment in uptake. Consistent with the conclusion found in U87MG cells, modification with
PEG24 significantly decreased the cellular uptake, proving efficient PEG shielding. In
contrast, there was no distinct difference between the four ligand-modified groups. This
suggests that the enhanced delivery is based on the LRP1 receptor-mediated endocytosis.
To further validate the specific interaction between reL57 and LRP1, we employed the
receptor-associated protein (RAP), a well-known inhibitor that hinders ligand binding to
LRP1 [50,51]. In detail, RAP, scr-L57, and L57 were added to the cells and incubated for
45 min at 0 ◦C before addition of reL57, respectively. As shown in Figure 6a,b, compared
with the control group (6-FAM-reL57 + scr-L57), quantification of 6-FAM fluorescence
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intensity in hCMEC/D3 cells proved an obvious blocking in the RAP-treated cells with
43% fluorescence decrease. Similarly, L57 successfully inhibited reL57 binding.
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Figure 6. Ligand competition assay to confirm reL57 target site. (a) Competitive inhibition of 6-FAM-
reL57 binding to hCMEC/D3 cells in the presence of scr-L57 (5 µM), RAP (5 µM), and L57 (2.5 µM),
respectively. HEPES was used as the negative control. reL57 without any treatment was adopted
as the positive control. (b) Corresponding quantification of 6-FAM fluorescence intensity. Data are
presented as mean ± SD (n = 3).

4. Conclusions

We successfully designed and synthesized new lysine (ε-amino)-linked cationic four-
armed oligomers for coating and caging dihydroxynaphthalene-derived RCDs and a tar-
geting retro-enantio peptide ligands for delivery to LRP1 overexpressing cells. The leading
cationic four-armed oligomer 1696, spanning a contour length of ~8.42 nm for each arm,
stood out for containing two ε-amino-linked lysine tripeptide units alternating with two
aromatic tyrosine tripeptide units, demonstrating superior modification due to a combi-
nation of electrostatic charge interactions and aromatic π-electron stacking bonds. The
increased stability achieved by cysteine-based disulfide bridge bonding was indirectly
proved by subsequent destabilization upon adding the reducing agent TCEP. The resulting
caged RCD@1696 exposed N-terminal reactive azido units which could be click-modified
with DBCO–PEG-ligands; in comparison to other PEG or ligands controls, the DBCO–PEG-
modified peptide reL57-linked RCD@1696 achieved efficient targeting and delivery to LRP1
highly-expressing U87MG cells.

Supplementary Materials: The following Supplementary Materials can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15204039/s1, Table S1: Source of protected amino acids used
in peptide synthesis; Figure S1: Molecular structure and 1H NMR spectrum of 1658 four-armed
structure, recorded in D2O; Figure S2: Molecular structure and 1H NMR spectrum of 1664 four-arm
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structure, recorded in D2O; Figure S3: Molecular structure and 1H NMR spectrum of 1696 four-arm
structure, recorded in D2O; Figure S4: Molecular structure and 1H NMR spectrum of 1768 four-arm
structure, recorded in D2O; Figure S5: Molecular structure and 1H NMR spectrum of 1769 four-arm
structure, recorded in D2O; Figure S6: Molecular structure and MALDI-TOF-MS spectrum of reL57;
Figure S7: Molecular structure and MALDI-TOF-MS spectrum of L57; Figure S8: Molecular structure
and MALDI-TOF-MS spectrum of scr-L57; Figure S9: Molecular structure and MALDI-TOF-MS
spectrum of re-L57-C; Figure S10: Fluorescence emission intensity of RCD aqueous solution under
series pH conditions; Figure S11: Fluorescence emission intensity of RCD aqueous solution with
different concentrations; Figure S12: Fluorescence emission intensity and normalized fluorescence
emission intensity of RCD aqueous solution after irradiation for different times; Figure S13: Zeta
potential of RCD@OAA (1658, 1664, 1696, 1768, and 1769). Figure S14: Hydrodynamic particle size,
PDI, and zeta potential of RCD@1696 solution after incubation for different times; Figure S15: Cellular
uptake assay of naked RCD in U87MG cells measured by flow cytometry and the corresponding
quantitative analysis of fluorescence intensity.
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