7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Surface chemistry mediates the tumor entrance of
o | nanoparticles probed using single-molecule

Cite this: Biomater. Sci., 2023, 11, . .

7051 dual-imaging nanodotsf

’ M) Check for updates ‘

Huiming Ren, @22 Qiuhui Hu,®® Yuji Sun,? Xiaoxuan Zhou,” Yincong Zhu,?
Qiuyang Dong,? Linying Chen,? Jianbin Tang, @ Hongjie Hu,” Youging Shen
and Zhuxian Zhou (= *2

a

The active transport of nanoparticles into solid tumors through transcytosis has been recognized as a
promising way to enhance tumor accumulation and penetration, but the effect of the physicochemical
properties of nanoparticles remains unclear. Herein, we develop a type of single-molecule dual imaging
nanodot by divergent growth of perylenediimide (PDI)-dye-cored polylysine dendrimers and internal
orthogonal conjugation of Gd(i)-based macrocyclic probes for fluorescence imaging and magnetic reso-
nance imaging (MRI) of surface chemistry-dependent tumor entrance. The MRI and fluorescence imaging
show that sixth-generation nanodots with acetylated (G6-Ac) and oligo ethylene glycol (G6-OEG) sur-
faces exhibit similar high tumor accumulation but different intratumor distribution. Cellular uptake and
transport experiments suggest that G6-Ac nanodots have lower lysosomal entrapment (61% vs. 83%) and
a higher exocytotic rate (47% vs. 29%) than G6-OEG. Therefore, G6-Ac is more likely to undergo intercel-
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lular transport through cell transcytosis, and is able to reach a tumor area distant from blood vessels,
while G6-OEG mainly enters the tumor through enhanced permeability and retention (EPR) effect-based
passive transport, and is not able to deliver to distant tumor areas. This study suggests that it is possible to
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Introduction

The preferential accumulation of nanoparticles into solid tumors
through leaky blood vessels has been the central paradigm in tra-
ditional cancer nanomedicine." However, the low frequency and
high heterogeneity of vascular gaps lead to poor tumor accumu-
lation.> Moreover, the passive diffusion of nanoparticles from
blood vessels to distinct tumors is limited due to a highly dense
extracellular matrix and increased fluid pressure.® Limited tumor
accumulation and penetration have explained the predicament of
nanomedicines for clinical translation in the past 30 years.*®
According to a recent report, the active transport of nanoparticles
through cellular transcytosis is an overarching way of tumor
accumulation, even up to 97%.” The active transport of nano-
particles into solid tumors has shown great promise in enhancing
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boost the tumor entrance of nanoparticles by engineering surface chemistry for active transport.

cancer therapeutic efficacy,® " which has been recognized as a
new opportunity for cancer nanomedicine,'> but the mecha-
nism and influencing factor behind the process remain unclear,
and it is urgent and challenging to explore them.

The surface chemistry of nanoparticles primarily governs
nano-bio interactions and determines their pharmacokinetics
and tumor entrance."*"” Surface modification of polyethylene
glycol (PEG) has been a standard way to develop clinical
cancer nanomedicines. PEGylation can minimize protein
absorption, prolong blood circulation time, and enhance
tumor accumulation.'® However, PEGylation also minimizes
the interaction with cancer cells, reduces cellular uptake, and
generates potential immunogenicity after repeated adminis-
trations.’”” Moreover, PEGylated nanomedicines, such as Doxil
(PEGylated liposomal doxorubicin), cannot penetrate deep
tumor tissue through passive diffusion. We previously found
that Doxil primarily entered cells through clathrin-mediated
endocytosis and was trapped in the lysosome, thus unable to
generate  efficient intercellular transport.'®  Therefore,
PEGylation is not a suitable surface modification for develop-
ing active transporting nanomedicines. The surface chemistry
of nanoparticles can significantly affect their endocytic
pathway and determine their capability of inducing cell
transcytosis.">?° It is essential to explore the role of surface
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chemistry in tumor entrance and discover an appropriate
surface modification to boost active tumor transportation.
Many studies have been conducted to explore the effect of
surface chemistry of nanoparticles on their in vitro and in vivo
fate via nanodots. However, the precise exploration of the
structure-activity relationship is limited due to the many draw-
backs of the current nanodots. The random surface conju-
gation of imaging probes such as dye molecules will produce
mixed dye-conjugated nanodots with a Poisson distribution of
the dye ratio.>* The fluorophore ratio on the dendrimer surface
significantly impacts cellular uptake and intracellular fluo-
rescence lifetime.>' Moreover, the physicochemical properties
of the surface dye molecules will also affect the cellular uptake
and biodistribution. It is reported that the surface conjugation
of a polymer with cyanine 5 (Cy5) will induce cell mitochon-
drion targeting, and labeling water-soluble sulfo-Cy5 will
result in lysosomal entrapment.?* It is also reported that some
dye molecules, such as heptamethine, have the intrinsic prop-
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erty of tumor-specific targeting.>*** We have developed a type
of single-molecule dye-cored nanodot with a precise structure
and excellent fluorescence, which is suitable for precisely
exploring nano-bio interactions.>>*°

Fluorescence imaging has the advantages of high sensitivity
and convenience, but has limitations in imaging deep tissue.?”
Magnetic resonance imaging (MRI), as a routinely used diag-
nostic tool in clinical settings, benefits from non-invasiveness,
unrestricted tissue penetration depth, and high spatial resolu-
tion but has low sensitivity.”®*° The fluorescence-MRI dual-
modal imaging strategy is complementary and excellent for
biomedical imaging.**> Herein, we develop a type of single-
molecule nanodot with fluorescence and MRI dual imaging
capability to precisely explore the surface-dependent tumor
entrance. The nanodots were obtained by divergent growth of
perylenediimide (PDI)-cored polylysine dendrimers with
internal conjugation of multiple Gd(m)-based macrocyclic
probes (Fig. 1a). We showed the size-dependent blood circula-
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Synthetic route to the fluorescence and MRI dual-imaging nanodots of the sixth-generation with a OEGylated or acetylated surface. (b) Illustration

of the surface chemistry-dependent tumor entrance of nanodots primarily
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tion and tumor accumulation of the nanodots. Using dual-
modal single-molecule imaging, we found that the sixth-gene-
ration nanodots with acetylated and oligo ethylene glycol
(OEG) surfaces exhibited similar tumor accumulation but
different tumor penetration and intra-distribution (Fig. 1b).
G6-Ac could penetrate tumor areas deeply through cellular
transcytosis while G6-OEG is mainly accumulated in the peri-
pheral tumor via the EPR effect (Fig. 1b). This study suggests
that an acetylated surface may be suitable for developing active
transporting nanomedicines, and surface chemistry engineer-
ing can enhance the transcytosis-inducing capability.
Moreover, the single-molecule dual-modal imaging probe is
appropriate to reveal precise nano-bio interactions.

Results and discussion
Synthesis and characterization of the dual imaging nanodots

To obtain single-molecule multifunctional nanodots for dual-
modal imaging, we designed PDI-cored and (DOTA-Gd)-inlayed
PLL dendrimers. These dendrimeric nanodots were syn-
thesized through orthogonal protection and selective conju-
gation using Fmoc- and Boc-protected lysine (Fig. 1a). The
PDI-cored PLL dendrimer of the second generation (PDI-G2)
was prepared according to our previous report>> and reacted
with Fmoc-Lys(Boc)-OPFP (Fig. S1t), followed by the selective
removal of the Boc-protection to obtain PDI-16Fmoc-G2.5
(Fig. S2 and Scheme S1t). The amine groups of PDI-16Fmoc-
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G2.5 were coupled with the carboxylate group of the macro-
cyclic chelator molecule, DOTA(tBu), followed by the removal
of Fmoc to obtain PDI-16DOTA(tBu)-G3 (Scheme S27). High
generations of the nanodots were obtained by divergent syn-
thesis, repeating the conjugation of Fmoc-Lys(Fmoc)-OPFP
and Fmoc-deprotection (Fig. S31). The dendrimers were
surface modified with acetylation or OEG and the inner DOTA
(tBu) groups were deprotected and chelated with Gd(um) to
obtain PDI-cored and (DOTA-Gd)-embedded dual-modal
imaging nanodots (Scheme S37).

The structures of the functional dendrimers and intermedi-
ate products were characterized by matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) mass spectra
(MS) (Fig. 2a, S5 and Table S17), "H NMR (Fig. S2 and S47) and
GPC (Fig. 2b). The MALDI-TOF MS showed that the targeted
molecular weight values were consistent with their theoretical
values, suggesting the successful preparation of the com-
pounds. For example, PDI-16DOTA(fBu)-G3 showed a mole-
cular weight peak at 13 706.84 Da ([M]"), which is close to the
theoretical value of 13 707.13 Da. PDI-16Fmoc-G2.5 showed a
molecular weight peak at 4841.97 Da, which is approximately
equal to the theoretical value of 4840.44 ([M — 16Fmoc + HJ"),
with the Fmoc groups removed under intense laser pulses. In
the gel permeation chromatography (GPC) traces (Fig. 2b), the
molecular weight of the dendrimers increased with the dendri-
mer generations. In addition, all dendrimers showed a single
peak with a polydispersity index (PDI, M,/M,) less than 1.15
(Table S27), indicating their well-defined chemical structures.
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Fig. 2 Characterization and physiochemical properties of the PDI-cored and (DOTA-Gd)-embedded dual-modal imaging nanodots. (a) MALDI-TOF

mass spectra of the representative dendrimers. (b) Representative gel permeation chromatography (GPC) trace spectra (water, 50 °C, 0.8 mL min™,

1

Gx.5 stands for the Fmoc-protected dendrimers). (c) Representative high-performance liquid chromatography (HPLC) trace spectra. (d) Absorption
and emission spectra of different nanodots at a concentration of 40 mM. (e) Longitudinal relaxivities (r1) values of ProHance® and nanodots.
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The high-performance liquid chromatography (HPLC) results
showed that all the dendrimers exhibited a single peak
(Fig. 2¢). All the results proved the successful synthesis of the
customized PDI-cored and DOTA-embedded nanodots with
well-defined structures.

We obtained the dual-modal imaging nanodots with acetyl-
ated (Gn-Ac, n = 4-6) and OEGylated (G6-OEG) surfaces (Fig. 1a
and Scheme S3+1). The acetylated nanodots of different dendri-
mer generations were used for studying the size-dependent
tumor entrance. The nanodots of the sixth generation with
either an acetylated or OEGylated surface were used for explor-
ing the surface chemistry-dependent tumor entrance. The
average hydrodynamic diameters of G4-Ac, G5-Ac, and G6-Ac
were 4.9 + 0.6 nm, 6.4 + 0.8 nm, and 8.3 + 1.0 nm, respectively,
as determined by dynamic light scattering (DLS) (Fig. S67).
The morphology and particle size of G6-Ac were further
studied by transmission electron microscopy (TEM) (Fig. S77).
These nanodots were uniform and well-dispersed with a
spherical morphology and an average diameter of 6.9 =+
0.8 nm, which was smaller than that measured by DLS due to
the different forms of the nanodots in dryness and aqueous
solution. All the nanodots were slightly negatively charged (-2
to —15 mV) after Gd(m) chelation (Fig. S8%), favorable for long
blood circulation.?

We first studied the optical properties of the nanodots. All
the nanodots showed maximum UV absorbance at about
595 nm and maximum emission at 625 nm (Fig. 2d). The fluo-
rescence intensity of high-generation nanodots (G5 and G6)
decreased compared to that of the lower generation nanodots
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(G4), probably due to the perturbation of inner DOTA moieties
on the electronic network of the PDI molecule at high gener-
ations. We next studied the relaxivities of the nanodots, which
are essential for MRI probes to provide high contrast
enhancement.?

The longitudinal relaxivities (r;) of Gn-Ac (n = 4-6) ranged
from 27.96 to 39.31 mM ™' s, exhibiting an increase with den-
drimer size due to the enhancement of structural rigidity and
the restriction of the rotational motion of gadolinium ions.**
The r; of the nanodots was about 6.3-8.9 fold that of the com-
mercialized small molecular contrast agent, ProHance®
(4.43 mM " s71). Interestingly, we found that surface chemistry
also affected the relaxivity, so the r; value of G6-OEG
(27.77 mM™~" s7') was about 70% that of G6-Ac (Fig. 2e, Fig. S9,
and Table S37). This may be related to the better hydrophilicity
of the OEG surface, resulting in a more open and soft inner
microenvironment in aqueous solution.

Fluorescence and MRI imaging of size and surface chemistry-
dependent tumor accumulation

The nanodots’ strong and stable PDI fluorescence allows
in vivo cancer fluorescence imaging. We studied the tumor
entrance of the nanodots with different sizes (Gn-Ac, n = 4-6)
and surface chemistry (G6-Ac and G6-OEG) in mice bearing
orthotopic 4T1 breast tumors after intravenous injection
(Fig. 3a, Fig. S10 and S117). G4-Ac and G5-Ac with small sizes
were quickly eliminated from the blood circulation, excluded
through renal filtration, and accumulated in the bladder. In
comparison, G6-Ac and G6-OEG showed long circulation in the
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Fig. 3 Fluorescence imaging of the size and surface chemistry-dependent tumor entrance via the nanodots in mice bearing 4T1 orthotopic breast
tumors. (a) Whole-body fluorescence imaging of mice bearing 4T1 breast tumors after intravenous injection of the nanodots (100 nmol). (b)
Quantitative fluorescence intensity signals in the tumor (red circles indicate tumor ROI) at different imaging times. The solid line denotes the tumor
tissue and the dotted line means the normal tissue at a symmetrical position in relation to the tumor. (c) Tumor-to-normal ratio (TNR) at different

imaging times. Data are represented as mean + SD (n = 3).
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blood, gradually accumulated at the tumor sites, reached the
maximum fluorescence intensity at 48 h post-injection, and
maintained high signals in tumors over a week (Fig. 3a).
Quantitative fluorescence analysis revealed that tumor
accumulation of G6-Ac and G6-OEG was similar, but the fluo-
rescence intensity of G6-OEG in normal tissues was higher
than that of G6-Ac (Fig. 3b). The tumor-to-normal ratio (TNR)
analysis showed that G6-Ac had a much higher TNR than Gé6-
OEG at all times. For instance, the TNR of G6-Ac was 3.32 at
48 h, which was 1.6-fold that of G6-OEG (TNR = 2.04) at the
same time. The fluorescence imaging suggested that the
OEGylated nanodots had better blood retention, resulting in
high fluorescence in the background of normal tissue. These
results indicated that although the OEGylated and acetylated
nanodots showed similar tumor accumulation, their tumor
entrance mechanisms might be different.

We further studied the effect of surface chemistry on the
tumor entrance of the nanodots by MRI, which allowed us to
image the spatial distribution of nanodots. T;-weighted MRI
images were taken at designated times after intravenous injec-
tion of G6-Ac, G6-OEG, or ProHance® at 0.1 mM Gd kg™
(Fig. 4a). Both the nanodots provided prolonged and enhanced
contrast in the tumor tissue. In contrast, the small molecular
contrast agent only showed contrast enhancement at 15 min,
and the signal quickly decreased to a background level. The

Conventional MRI images
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contrast-to-noise ratio (CNR) was employed to quantitatively
assess the contrast enhancement in the tumor tissue (Fig. 4b).
The CNRs of the G6-Ac and G6-OEG groups gradually and con-
tinuously increased within 48 h, reaching a maximum value of
58.4 and 41.2, respectively. In comparison, the small molecular
contrast could quickly extravasate from blood vessels to accumu-
late in the tumor but was also quickly eliminated from the
tumor, with the CNR decreasing from 15.6 to 5.3 in 2 h. The
time-dependent tumor accumulation behavior of the nanodots
was consistent with that observed in the fluorescence imaging.
We further analyzed the intratumor distribution of the nano-
dots. Both the nanodots accumulated in the tumor periphery at
the beginning and gradually penetrated the deep tumor. G6-Ac
showed better tumor penetration and provided more robust con-
trast enhancement in the tumor interior than G6-OEG (Fig. 4c).
We also tracked the normal tissue distribution of nanodots
using whole-body MRI imaging and quantitatively analyzed the
images considering the signal enhancement ratio (ER)
(Fig. S127). The ER in the artery was 3.5 and 2.6 for the G6-OEG
and G6-Ac groups at 15 min, respectively, gradually decreasing
with time. The superior ER of G6-OEG compared to that of G6-
Ac is due to its better blood retention (Fig. S12at). Both nano-
dots showed a decreased ER in the kidneys from 2.0-2.4 to
1.3-1.4 in 48 h, indicating their gradual clearance from the body
via kidney filtration (Fig. S12bt). Both nanodots had an ER of
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Fig. 4 MR imaging of the surface chemistry-dependent tumor entrance via the nanodots in mice bearing 4T1 orthotopic breast tumors. (a)
Representative T;-weighted MR images and their pseudo-color map images before (pre) and after injection of ProHance® and nanodots, at
0.1 mmol Gd kg™ (scale bar = 10 mm, the tumor is indicated with the white arrow). (b) Contrast-to-noise ratio (CNR) in the tumor at different times.
(c) Gray value from the tumor rim to the tumor interior, as indicated by red lines in (a).
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less than 1.1 in the liver during imaging, suggesting their low
liver accumulation (Fig. S12c¥).

The tumors from mice 48 h post-injection of the nanodots
were sectioned and subjected to immunofluorescence staining
with CD31 to visualize the vasculature. The distribution and
co-localization of the nanodots and tumor vasculature were
imaged by confocal fluorescence imaging (Fig. 5). G4-Ac and
G5-Ac showed low fluorescence in tumor tissue due to fast
clearance (Fig. 5a-c), consistent with the live fluorescence
imaging (Fig. 3a). G6-Ac and G6-OEG had strong and similar
fluorescence intensities in all the tumor slides. We delineated
the vascular-rich and avascular areas according to the vascular
fluorescence immunostaining (Fig. 5a) and analyzed the distri-
bution of the nanodots (Fig. 5¢). Interestingly, we found that
the fluorescence of G6-Ac was much more localized in the
avascular region than that in the vasculature-rich region (78%
vs. 22%), whereas the fluorescence of G6-OEG was mainly dis-
tributed in the vasculature-rich area (70%). The results showed
that G6-OEG was primarily localized around blood vessels, but
G6-Ac could travel to areas far from blood vessels and pene-
trate the tumor deeply, consistent with the MR images. The
results also suggested that the tumor entrance mechanisms of
G6-OEG and G6-Ac might be different.

Transcytosis-inducing capability of the nanodots with
different surfaces

We further investigated the cellular uptake and transcytosis-
inducing capability of the nanodots in 4T1 cells by flow cyto-
metry and confocal laser scanning microscopy (CLSM). The
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endocytic fluorescence intensity was determined by flow cyto-
metry after culturing cells for 24 h. The exocytotic fluorescence
was calculated by comparing the fluorescence of the treated
groups before and after exocytosis in a fresh medium for
another 24 h. Cells internalized with nanodots were also incu-
bated with a fresh medium for 24 h, and the remaining uptake
was determined by flow cytometry (Fig. S13f). The fluo-
rescence of each group was normalized to the relative value of
the endocytotic fluorescence of G4-Ac (Fig. 6a). The results
showed that the endocytosis of different Gn-Ac (n = 4-6) was
close (92%-100%), about 1.6-1.7 fold that of G6-OEG (58%).
The exocytosis of different Gn-Ac was also close (43%-50%),
about 2.4-2.8 fold that of G6-OEG (18%). These results showed
that the particle size had a small effect on the cellular internal-
ization and exocytosis of these nanodots, but the surface
chemistry greatly affected these values. The exocytosis/endo-
cytosis ratio of G6-Ac (47%) was 1.6 times that of G6-OEG
(29%) (Fig. 6b). The cellular uptake of different nanodots was
further imaged by CLSM after culturing cells for 12 h. More
intracellular fluorescence was observed for the cells treated
with G6-Ac than those treated with G6-OEG (Fig. S147), con-
sistent with the flow cytometry results. We further used the
“cell infection” method to study the transcytosis of nanodots
(Fig. 6¢).” G6-Ac could efficiently transfer from the old cells to
the newly added cells, whereas G6-OEG could barely transfer
to the newly added cells in 24 h.

It is reported that nanocarriers should avoid lysosomal
entrapment to realize efficient transcytosis.® Thus, we further
studied the subcellular distribution of G6-Ac and G6-OEG, and
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Fig. 5 Intratumor distribution of the nanodots. (a) Representative confocal fluorescence imaging of the nanodots and blood vessels in the tumor

tissues. The tumor was collected at 48 h after intravenous injection of the nanodots. Vasculature was subjected to immunofluorescence staining
with an antibody against CD31 (green), the cell nuclei were labeled with DAPI (blue), and nanodots are shown as red (scale bar = 100 um). (b) The
Imaged 3D plot of fluorescence intensity of the nanodots. (c) The fluorescence intensity in the confocal fluorescence images of (a). (d) The fluor-
escence intensity of the vascular-rich and avascular areas. Data are represented as mean + SD, n = 3, and significances are determined by two-tailed
Student’s t-test, ns means no significant difference, *** P < 0.001.
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Fig. 6 Cellular uptake and transcytosis-inducing capability of the nanodots. (a) Quantification analysis of cellular uptake and exocytosis of nanodots
by flow cytometry. (b) The exocytosis in relation to the endocytosis rates of the nanodots. (c) Transcellular transport of nanodots observed by con-
focal laser scanning microscope (CLSM). The cell nuclei were stained with Hoechst 33342 (scale bar = 15 pm). (d) Colocalization and Pearson corre-
lation coefficients of nanodots in the lysosome after culturing cells for 12 h (scale bar = 15 pm). Data are represented as mean + SD, n = 3, and sig-

nificances are determined by two-tailed Student’s t-test, *** P < 0.001.

quantified their colocalization with lysosomes using Pearson
correlation coefficients (Fig. 6d). The results showed that Gé6-
Ac nanodots had a lower Pearson correlation coefficient (61%)
than G6-OEG (83%), indicating that G6-Ac nanodots were
more likely to escape from lysosomes. The result could explain
the superior transcytosis-inducing capability of G6-Ac com-
pared to G6-OEG. All the results suggested that the surface
chemistry was dominant in affecting the cellular uptake and
transcytosis of the nanodots, thus greatly influencing their way
of entering the tumor. Nanoparticles can enter tumors either
by passive accumulation through leaky blood vessels or by an
active process through cell transcytosis. We concluded that G6-
Ac had more opportunities to enter tumors by the active
process, thus showing better tumor penetration. In contrast,
G6-OEG could accumulate in the tumor mainly through the
EPR effect benefiting from their prolonged blood circulation,
but could not penetrate deep tumor®® (Fig. 1b).

Conclusions

In summary, we developed PDI-cored and (DOTA-Gd)-inlayed
single-molecule dendrimeric nanodots for dual-modal
imaging to investigate the surface chemistry dependent tumor
entrance. These nanodots showed bright fluorescence and
high r; relaxivity, excellent for fluorescence and MR imaging.
Using these nanodots, we found that the acetylated and
OEGylated G6 nanodots showed similar tumor accumulation

This journal is © The Royal Society of Chemistry 2023

but different intratumor distribution. G6-Ac showed deeper
tumor penetration and was mainly distributed in the avascular
areas more likely through cell transcytosis-based active trans-
port. In contrast, G6-OEG mostly accumulated in vascular-rich
areas of the tumor via the EPR effect-based passive transport.
These results suggested that the surface chemistry of nano-
particles could dominate the ways of tumor entrance. This
work can also guide the design of efficient cancer drug delivery
systems, especially for active transporting nanocarriers.

Experimental section
Materials

No-Fmoc-Ne-Boc-1-lysine (Fmoc-Lys(Boc)-OH), N-a,e-di-Fmoc-1-
lysine  (Fmoc-Lys(Fmoc)-OH), trifluoroacetic acid (TFA),
2,3,4,5,6-pentafluorophenol (PFP-OH), dicyclohexylcarbodiimide
(DCC), N,N-diisopropylethylamine (DIPEA), O-benzotriazole-N,
N,N',N'-tetramethyl-uronium-hexafluorophosphate (HBTU) and
N,N-diethylethanamine (TEA) were purchased from Energy
Chemical Reagent Co., Ltd (Shanghai, China). 1,4-Dioxane and
isopropyl ether were purchased from Macklin Biochemical Co.,
Ltd (Shanghai, China). tert-Butyloxycarbonyl DOTA (DOTA(tBu))
was purchased from Mimotopes Peptides Company (Wuxi,
China). Acetic anhydride, ethyl acetate, sodium chloride, anhy-
drous sodium sulfate, dichloromethane (CH,Cl,, DCM), N,N-di-
methylformamide (DMF), methyl alcohol, diethyl ether and
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piperidine were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China).

Instruments

'H NMR spectra were acquired on a 400 MHz Varian Gemini
NMR spectrometer in a deuterated solvent as noted. Matrix-
assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectra were obtained on a Bruker
UltrafleXtreme MALDI-TOF MS spectrometer with 2,5-dihy-
droxybenzoic acid (2,5-DHB) as the matrix. Gel permeation
chromatography (GPC) was performed on a Wyatt GPC/
SEC-MALS (Wyatt Technology Corporation, Santa Barbara, CA,
USA) system fitted with a PLgel 5 pm 500 A column from
Agilent Technology at 25 °C. The eluent used was DMF con-
taining 50 mM LiBr with a flow rate of 0.8 mL min~". High-per-
formance liquid chromatography (HPLC) was performed on an
Agilent 1260 Infinity II HPLC system fitted with a 1525 binary
pump, 2475 multi-A-fluorescence detector, 2998 photodiode
array detector, and SunFire™ C18 (4.6 mm x 250 mm, 5 pm)
column. Eluant A was water containing 0.1% TFA and eluant B
was acetonitrile. The mobile phase was run from 0% B to
100% B within 50 min at a flow rate of 1.0 mL min~" and
detected at 595 nm. The UV-vis absorption and fluorescence
spectra of nanodots in aqueous solutions were recorded on a
microplate reader (Molecular Devices, SpectraMax). The Gd ()
contents were determined by inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer NexION 300X). The par-
ticle sizes of nanodots in aqueous solutions were measured by
dynamic light scattering (DLS) on Malvern Zen3600 instru-
ment at 25 °C with a scattering angle of 173° and a laser of
633 nm and the measurement procedure was performed in
triplicate. The nanodots were imaged using a transmission
electron microscope (TEM, JEOL JEM-1010) at a voltage of 80
kv and the average particle size was analyzed using ImageJ
software from 100 individual particles. The cell endocytosis,
exocytosis, subcellular distribution and transcellular endocyto-
sis were analyzed using a flow cytometer (Becton Dickinson
FACSCalibur) and a confocal laser scanning microscope
(CLSM, Nikon-A1).

Synthesis and characterization

The synthesis of the fluorescence and MRI dual-imaging nano-
dots is shown in Fig. 1a and Schemes S1-S3.t

Synthesis of PDI-16Fmoc-G2.5. The second generation PDI-
cored PLL dendrimer (PDI-G2-TFA) was synthesized according
to our previous work.>® PDI-G2-TFA (0.5 g, 0.11 mmol) was dis-
solved in DMF (5 mL), following the addition of DIPEA
(460 pL, 2.64 mmol). Fmoc-Lys(Boc)-OPFP (3.4 g, 5.28 mmol)
dissolved in DMF (15 mL) was then added to the solution, and
the mixture was stirred at room temperature (RT) in the dark
for 24 hours. After that, the solution was concentrated by
vacuum evaporation to obtain the crude product. It was then
purified by dissolving in methanol (1 mL) and precipitating in
cold diethyl ether (50 mL) three times. The precipitate was col-
lected by centrifugation (3000 rpm, 3 min) and dried under
vacuum to obtain PDI-16(Fmoc-Boc)-G2.5 (1.0 g, 92%). The
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Boc group of PDI-16(Fmoc-Boc)-G2.5 (1 g, 0.10 mmol) was
deprotected in TFA/DCM (1:1, v/v, 15 mL) with stirring for
4 hours at RT. After concentration by vacuum rotary evapor-
ation, the residue was precipitated in cold diethyl ether
(50 mL), and the solid was collected by filtration and washed
with cold diethyl ether (10 mL) three times. A red powder of
PDI-16Fmoc-G2.5-TFA (0.92 g, 0.09 mmol) was obtained after
vacuum drying with a yield of 90% (Scheme S17).

Synthesis of PDI-16DOTA(tBu)-Gn (n = 3-6). DOTA(¢Bu)
(0.9 g, 1.57 mmol) and DIPEA (680 pL, 3.91 mmol) were dis-
solved in DMF (10 mL) under stirring. HBTU (0.6 g,
1.57 mmol) was added to the solution under an ice bath and
stirred for 10 minutes at 0 °C. PDI-16Fmoc-G2.5-TFA (0.5 g,
0.05 mmol) and DIPEA (210 pL, 1.2 mmol) mixed in DMF
(5 mL) were added to the reaction solution. The mixture was
stirred at RT overnight. The solution was concentrated by
vacuum evaporation, diluted with ethyl acetate (100 mL), and
washed with saturated sodium bicarbonate aqueous solution
(50 mL x 1) and saturated saline solution (50 mL x 2). The
organic layer was dried with anhydrous sodium sulfate, fil-
tered, and concentrated under vacuum to obtain Fmoc-pro-
tected PDI-16DOTA(¢Bu)-G2.5 (0.72 g, 85%). Then, Fmoc
groups were removed in piperidine/DMF (v/v, 1:1) with stir-
ring at RT for 5 hours, and the solvent was concentrated by
rotary evaporation. The residue was dropped in cold diethyl
ether (50 mL) to precipitate the product, and the solid was col-
lected by filtration and washed with cold diethyl ether (10 mL)
three times. A purple powder of PDI-16DOTA(tBu)-G3 (0.51 g,
0.037 mmol) was obtained after vacuum drying with a yield of
90% (Scheme S2). MALDI-TOF (Fig. S5t) Calc. [M]": 13 707.13,
found [M]": 13 706.84.

PDI-16DOTA(tBu)-Gn (n = 4-6) were synthesized by repeat-
ing the reaction with Fmoc-Lys(Fmoc)-OPFP and deprotection
in piperidine/DMF (v/v, 1:1). All the dendrimers had a yield of
over 85%.

Synthesis of PDI-16(DOTA-Gd)-Gn-Ac (Gn-Ac, n = 4-6) and
PDI-16(DOTA-Gd)-G6-OEG (G6-OEG). PDI-16DOTA(¢Bu)-Gn (n =
4-6) was separately fully acetylated according to the literature
to give PDI-16DOTA(tBu)-Gn-Ac (n = 4-6) with yields of over
90%.>> PDI-16DOTA(¢Bu)-G6 (200 mg, 0.007 mmol) and DIPEA
(300 pL, 2.88 mmol) were dissolved in DMF (20 mL), followed
by the addition of OEG-OPFP (1 g, 2.9 mmol). The mixture
was stirred in the dark at RT overnight. PDI-16 DOTA(tBu)-G6-
OEG (830 mg, 85%) was obtained after a purification process
similar to PDI-16(Fmoc-Boc)-G2.5. Then the tert-butyl groups
of DOTA in the dendrimers were removed in TFA (10 mL) at RT
overnight, and the solution was concentrated by vacuum evap-
oration. The residue was precipitated in cold diethyl ether
(50 mL), and the solid was collected by filtration and washed
with cold diethyl ether (10 mL) three times. PDI-16DOTA-Gn-
Ac (n = 4-6) and PDI-16DOTA-G6-OEG were obtained after
vacuum drying with a yield of over 90%. Finally, all the dendri-
mers chelated with Gd(m) were obtained similarly. Taking G6-
Ac as an example (Scheme S3t), PDI-16DOTA-G6-Ac (500 mg,
0.016 mmol) and GdCl;-6H,0 (6.8 mg, 0.018 mmol) were dis-
solved in water with stirring at 45 °C and the pH of the solu-
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tion was adjusted to 6.5 with sodium hydroxide solution every
2-6 h until pH did not decrease (typically 1-2 days). Then, the
pH of the solution was adjusted to 10 to precipitate out exces-
sive Gd(mr) and the precipitate (Gd(OH);) was removed by cen-
trifugation (3000 rpm, 3 min). The product was purified by
centrifugal ultrafiltration with a molecular weight cut-off of
3000 Da. G6-Ac was obtained after freeze-drying with a yield of
88% (480 mg, 0.014 mmol).

Cell culture and animals

The mouse 4T1 breast cancer cell lines were purchased from
the American Type Culture Collection (ATCC) and were cul-
tured in RPMI-1640 medium with 10% fetal bovine serum
(FBS) and 1% antibiotic/antimycotic solution (Sigma A9909) at
37 °C in a 5% CO, environment. BALB/c mice were obtained
from the Zhejiang University Animal Center and all the animal
experiments were in agreement with the approval of the
Animal Care and Use Committee of Zhejiang University
(license number: 17611).

In vivo fluorescence imaging

Female BALB/c nude mice (6 to 8 weeks old, 20 g) were subcu-
taneously inoculated with 1 x 10’ 4T1 breast cancer cells
(0.1 mL of cell suspension) on their right leg to develop an
orthotopic breast tumor. Within 1 week, the mice bearing a
tumor with a volume of about ~100 mm® were chosen for
further experiments. The mice were anesthetized with 2% iso-
flurane and intravenously injected with nanodots at a dose of
5 mM kg™ (200 pL, with equal fluorescence intensity). The
whole-body fluorescence images were taken at 0.5 h, 2 h, 4 h,
12 h, 24 h, 48 h, 72 h, 96 h, 5 days, 6 days and 7 days after
administration on a Maestro FLEX In Vivo Imaging System
(Cambridge Research & Instrumentation, Inc. Woburn, MA,
USA) with an excitation filter of 640 nm, an emission filter of
720 nm and an exposure time of 5 s. The average fluorescence
intensity data of images were analyzed by ROI measurement of
Living Image software 4.5.2 using the TNR formula: mean
signal in tumor/mean signal in normal tissue (left flank
muscle). All data are expressed as mean + SD.

In vivo MRI imaging

MRI imaging. Female BALB/c mice (6 to 8 weeks old, 20 g)
were inoculated with 4T1 mouse breast cancer cells at the left
inguinal mammary fat pads to develop an orthotopic breast
tumor. Within 1 week, the mice bearing a tumor with a
volume of about ~100 mm?® were chosen for further experi-
ments. The MRI study was performed on a GE Discovery MR
750 w 3.0 T scanner (GE Medical Systems, LLC, Waukesha,
USA) with a volume radio frequency coil. Mice were anesthe-
tized with pentobarbital sodium (50 mg kg™") before the tail-
vein injection of contrast agents at a dose of 0.1 mmol Gd
kg™'. The T;-weighted MR images were acquired at 15 min,
30 min, 2 h, 8 h, 24 h and 48 h after administration of contrast
agents, and the parameters are as follows: time to echo (TE) =
15 ms, repetition time (TR) = 600 ms, FOV = 80 mm x 80 mm,

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

slice thickness = 1 mm, bandwidth = 31.25, number of times
of excitation (NEX) = 2, and total scan time = 3 min and 54 s.

MRI analysis. MR images were analyzed using RadiAnt
DICOM Viewer software. Contrast-to-noise ratios (CNRs) in the
tumor were calculated at each time point using the following
equation:

CNR = (S — Spre)/on

where S; is the signal in the tumor at different time points, Sp.
is the signal in the tumor pre-injection and o, denotes the
standard deviation of noise estimated from the background
air.

Signal enhancement ratios (ERs) were calculated in the
artery, kidneys, and liver using a different equation:

ER = S;/Spre

where S; and Sp. have the same meaning as those for the
CNR, except that they were in the artery, kidney, and liver
rather than in the tumor.

Tumor tissue immunofluorescence

The tumor tissue was resected from the BALB/c mice after the
tail-vein injection of nanodots for 48 hours and frozen with
liquid nitrogen for 10 seconds before storing at —80 °C. The
frozen tissue was embedded in an optimum cutting tempera-
ture (OCT) block for cryostat sections. Frozen tissue slices
(6 pm thick) were restored to RT, treated with 0.1% cell magic
solution for 15 minutes and blocked for 30 minutes with 10%
donkey serum in TBST before staining with the primary anti-
bodies against CD31 (1:2000) in the antibody reaction buffer
at 4 °C overnight. Then, the sections were washed with TBST
three times and incubated with the Alexa Fluor 488 secondary
antibody (1 : 400) at RT for 1 hour. The cell nuclei were stained
with DAPIL. The fluorescence of nanodots was observed with an
excitation laser at 593 nm, and the emission laser was read
from 603 to 618 nm. CD31 for the blood vessels was excited
with a 488 nm laser and signals were collected from 495 to
545 nm. DAPI for the nucleus was read using a 405 nm laser,
and the emission was read from 410 to 440 nm. The fluo-
rescence intensity data were analyzed with Image] software.

Cell endocytosis and exocytosis of nanodots

For flow cytometry analysis, 4T1 cells were cultured in two
24-well plates (plate I and plate II) with 5 x 10* cells per well
overnight. Gn-Ac (n = 4-6) or G6-OEG was added into the wells
at a concentration of 10 pM and cultured for 24 hours. The
cells on plate I were washed with PBS and collected in 300 pL
of PBS after trypsinizing. Cells on plate II were washed and cul-
tured with a fresh medium for another 24 hours before trypsi-
nizing, washing and resuspending in PBS. All the cells were
immediately determined by flow cytometry (Becton Dickinson,
FACSCalibur, San Jose, CA, USA), and at least 10 000 events
were collected for every sample. The data were analyzed using
FlowJo software. Cell endocytosis was achieved by the fluo-
rescence intensity of plate I and cell exocytosis was obtained

Biomater. Sci, 2023, 11, 7051-7061 | 7059


https://doi.org/10.1039/d3bm01171b

Published on 22 Hagayya 2023. Downloaded on 08/12/2025 10:55:10 PM.

Paper

by subtracting the fluorescence intensity of plate I from the
fluorescence intensity of plate II.

For confocal imaging, 4T1 cells were seeded in glass-
bottom Petri dishes at a density of 8 x 10 cells per dish and
cultured overnight. G6-Ac or G6-OEG was added into the dish
at a dose of 20 pM for 12 hours. The cells were washed with
PBS, added with a fresh medium, and stained with Hoechst
33342 for 15 minutes at 37 °C for observation by CLSM.
Nanodots were observed using a 561 nm laser, and Hoechst
33342-labeled nuclei were observed with a 405 nm laser. The
fluorescence intensity data were analyzed using Image]
software.

Subcellular distributions of nanodots

4T1 cells were seeded in glass-bottom Petri dishes at a density
of 8 x 10* cells per dish and cultured overnight. G6-Ac or G6-
OEG was added to the dish at a dose of 20 uM for 12 hours.
Then, the cells were washed with PBS and added with a fresh
medium. Lysosomes were stained with LysoTracker Green for
30 minutes and the cell nuclei were stained with Hoechst
33342 for 15 minutes before confocal imaging. The Pearson
correlation coefficients were analyzed using Image] software.
Nanodots were observed using a 561 nm laser, LysoTracker
Green-stained lysosomes were observed with a 488 nm laser
and Hoechst 33342-labelled nuclei were observed with a
405 nm laser.

Transcytosis-inducing behaviors of nanodots

4T1 cells were seeded on the coverslips and cultured overnight.
The cells A on the coverslip were first incubated with G6-Ac or
G6-OEG (20 pM) for 12 hours. Then, the cells A on the cover-
slip were washed with PBS and co-incubated with fresh cells B
on another coverslip in a fresh medium for 24 hours.
Afterwards, the cells were washed with PBS and the cell nuclei
were stained with Hoechst 33342 for 15 minutes before con-
focal imaging. Hoechst 33342-labeled nuclei were observed
with a 405 nm laser.
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