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ABSTRACT: Nanogels (NG) are among the most ideal cytoplasmic
protein delivery vehicles; however, their performance is suboptimal,
partly owing to relatively big size, poor cell uptake, and endosomal
entrapment. Here, we developed small, traceable, endosome-disrupting,

intracellular delivery of therapeutic proteins. With microfluidics and
catalyst-free photo-click cross-linking, HA-NG with hydrodynamic
diameters of ca. 80 and 150 nm, strong green fluorescence and efficient

\eetone

and bioresponsive hyaluronic acid NG (HA-NG) for CD44-targeted z

=—J00NN

loading of various proteins including saporin (Sap), cytochrome C,

herceptin, immunoglobulin G (IgG), and bovine serum albumin could be fabricated. Interestingly, 80 nm-sized HA-NG
revealed clearly better cellular uptake than its 150 nm counterparts in both CD44-negative U87 cancer cells and CD44-positive
4T1 and MDA-MB-231 cells. Moreover, small NG exhibited accelerated endosomal escape, which was further boosted by
introducing GALA, a pH-sensitive fusogenic peptide. Accordingly, Sap-loaded small and GALA-functionalized HA-NG showed
the highest cytotoxicity in CD44-positive MDA-MB-231, 4T1, A549, and SMMC-7721 cancer cells. The biodistribution studies
demonstrated that 80 nm-sized HA-NG displayed significantly greater tumor uptake as well as penetration in MDA-MB-231
human breast tumor xenografts than its 150 nm counterparts, whereas the introduction of GALA had no detrimental effect on
tumor accumulation. Small, endosome-disrupting, and bioresponsive HA-NG with easy and controlled fabrication hold a great

potential for targeted protein therapy.
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1. INTRODUCTION

Proteins with intracellular targets, such as granzyme B and
saporin (Sap), can potently inhibit the proliferation of various
cancer cells."™ However, their clinical translation is impeded
by ineflicient cellular uptake and fast enzymatic degrada-
tion."® Nanogels (NG) with excellent biocompatibility,
protein compatibility, and protein loading have been
extensively exploited for protein delivery in recent years.” "'
Specifically, NG can greatly increase the in vivo stability,
circulation time, and tumor accumulation of proteins.lz_14
Various methods, including inverse nanoprecipitation,ls’lé in
situ self—assembly,”’lg and inverse mini-emulsion,'”*° have
been employed to prepare NG. However, these strategies
generally suffer from modest control on size and size
distribution of NG, and the formed NG often exhibit an
average size of bigger than 100 nm, which might compromise
their cellular uptake and tumor penetration. Microfluidics
technology providing superior control of particle sizes has been
exploited to prepare defined nanoparticles with controllable
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size and narrow size distribution.”'”** The biophysical
properties of nanoparticles can be tailored by flow rate,
precursor composition, and concentration.

To boost the cellular uptake and selectivity of NG in cancer
cells, different target ligands and polymers have been exploited
to develop advanced NG for protein delivery.g’10 For example,
targeting peptides like LHRH, GE11, and VNTANST have
been decorated on the surface of NG to achieve the targeted
delivery of tumor suppressor protein pS3, granzyme B, and
shikonin, leading to significant apoptosis of MDA-MB-231
breast, SKOV-3 ovarian, and osteosarcoma cancer cells,
respectively.”>~>” Hyaluronic acid, which can target CD44
overexpressing cancer cells, has been exploited to construct
NG for efficient loading of therapeutic proteins (granzyme B,
saporin, deoxyribonuclease I, etc.),17’28_3’0 which exhibited
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Scheme 1. Schematic Illustration of Small, Traceable, Endosome-Disrupting, and Bioresponsive Click NG Fabricated via
Microfluidics for CD44-Targeted Cytoplasmic Delivery of Therapeutic Proteins
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significant growth suppression of MCF-7, A549, and HCT-116
tumor xenografts at low doses. Considering the enzyme-rich
and acidic environments of endosomes, endosomal escape is
crucial for therapeutic proteins encapsulated in NG to take
effect inside cancer cells.”’ Cell penetrating peptide (CPP) and
fusion peptides have been used to promote the cytoplasmic
delivery of proteins.”>*> CPP assists the nanocarriers escape
from endosomes by directly penetrating the endosomal
membrane, whereas the fusion peptide disrupts the endosomal
membrane by pH-dependent conformational changes and
membrane fusion.

Here, we developed small, traceable, endosome-disrupting,
and bioresponsive hyaluronic acid NG (HA-NG) for CD44-
targeted intracellular delivery of therapeutic proteins (Scheme
1). NG were fabricated from HA derivatives, that is, HA-g-
cystamine-methacrylate (HA-g-Cys-MA) and HA-g-lysine-
tetrazole/ GALA (HA-g-Tet/GALA), by employing the micro-
fluidics technique and catalyst-free photo-click reaction.
Microfluidics would afford controlled fluid and mixing,
resulting in uniform products, tunable sizes, and high
output.””* The catalyst-free click reaction possesses high
specificity, high efficiency, and no toxicity, which is important
to prevent proteins from denaturation and NG from toxic
contamination. The incorporation of cystamine into the HA-g-
Cys-MA derivative would offer reduction responsivity. HA can
target CD44 high-expressing tumor cells, including human
breast, lung, and liver tumor cells (MDA-MB-231, AS49, and
SMMC-7721).*° GALA, a synthetic anionic peptide and
maintains random coil conformation under neutral condition
and transits into a a-helix structure under endosomal acidic
condition (pH < 6), has shown a high endosome-disrupting
potency.”””® The incorporation of GALA in NG would boost
the endosome escape of NG. Our results showed that HA-NG
with a small size of 80 nm exhibit significantly enhanced tumor
uptake as well as penetration in MDA-MB-231 human breast
tumor xenografts, and Sap-loaded small and GALA-function-

alized HA-NG display the highest cytotoxicity in CD44-
positive cancer cells.

2. EXPERIMENTAL SECTION

2.1. Synthesis of HA-g-Tet/GALA. HA-g-Tet/GALA was
fabricated through an amidation reaction between GALA-NH, and
carboxyl groups of HA-g-Tet (Scheme S1), which was acquired
according to our previous report.*" Briefly, EDC (21.6 mg, 112.5
umol) and NHS (25.8 mg, 225 umol) were added to a solution of
HA-g-Tet (43.4 mg, 75 ymol of —COOH) in deionized (DI) water
(44 mL) to activate the carboxyl groups of HA. After proceeding at
25 °C for 15 min, a solution of GALA (10.0 mg, 3 ymol) in 1 mL of
dimethyl sulfoxide (DMSO) was added to the above solution, and the
pH was adjusted to 8.0—9.0 using a NaOH solution (2.0 M). The
reaction mixture was stirred for 24 h at 40 °C and then dialyzed
(spectra/pore, MWCO of 3.5 kDa) against a mixed solution of DI
water/DMSO (1:1, v/v) and DI water. HA-g-Tet/GALA was
collected by lyophilization. Yield: 95.4%. The molar amount of
GALA was quantified by a microBCA assay. In brief, HA-g-Tet/
GALA (1 mg/mL, 150 xL) and microBCA fluid (150 uL) were added
in a 96-well plate and then incubated at 37 °C for 2 h. The amount of
GALA was determined by measuring the absorbance at 4 = 570 nm
with a microplate reader. Free GALA with concentrations of 2—40
pug/mL was employed to obtain the standard curves. The degree of
substitution (DS) defined as the molar amount of GALA per 100
sugar units was 4.0.

2.2. Fabrication of HA-NG via Microfluidics and Photo-Click
Cross-Linking. The microfluidic chip fabricated with soda lime glass
consists of three parallel inlet channels with a length of 10 mm, a
width of 0.2 mm, and a height of 0.4 mm, which are converged to a
long rectangular channel (2 mm wide, 0.4 mm high, 20 mm long)
(Scheme S2). Nanodroplets were formed at the intersection of three
inlets, where the central water phase containing HA-g-Tet and HA-g-
Cys-MA at a Tet/MA molar ratio of 1:1 was converged with the oil
phase (acetone) passing through two side channels. The flow rate
ratio of the aqueous phase to the oil phase was fixed at 1:5. The
obtained dispersion of nanodroplets (12 mL) was collected in the
outlet channel and then settled in a disc with a diameter of 15 mm.
After 60 s of UV irradiation (320—390 nm, 50 mW/cm?), the oil was
evaporated by a rotary evaporator. Afterward, HA-NG were purified
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by dialyzing (spectra/pore, MWCO of 3500) against DI water. Yield:
83%. GALA was introduced into NG by adding HA-g-Tet/GALA into
the polymer solution prior to administration in the microfluidic chip.
The average number of GALA in 100 sugar units of HA chain in NG
was adjusted as 0.5, 1.0, and 1.5 by changing the molar feed ratios of
HA-g-Tet, HA-g-Tet/GALA, and HA-g-Cys-MA (Table S1), and the
corresponding NG were denoted as NG/GALA-0.5, NG/GALA-1.0,
and NG/GALA-1.5, respectively. Protein-loaded NG were similarly
fabricated except that the solution of various proteins, like Sap,
cytochrome C, herceptin, IgG, or bovine serum albumin (BSA), was
mixed with HA derivatives prior to injecting into the middle stream of
the microfluidics chip. The size of NG with or without proteins was
measured four times per sample with dynamic laser scattering (DLS,
Zetasizer Nano-ZS, Malvern Instruments) at 25 °C in water. The
morphology of the NG was acquired by a transmission electron
microscopy (TEM; Tecnai G220) instrument at an accelerating
voltage of 200 kV. The samples were prepared by depositing 10 uL of
NG dispersion (200 pg/mL) on the copper grid for 15 min followed
by staining with phosphotungstic acid (1 wt %) for SO s.

2.3. In Vitro Release of Sap from HA-NG. The release of Sap
from HA-NG was performed in phosphate buffer (PB, 10 mM pH
7.4), with or without reduced glutathione (GSH) (10 mM), at 37 °C
via the dialysis method. First, 0.2 mL of protein-loaded HA-NG
dispersion following transfer to a dialysis bag (MWCO: 300 kDa) was
submerged in 25 mL of phosphate-buffered saline (PBS) and then
placed in an incubator at 37 °C with shaking at 200 rpm. The release
medium was purged with nitrogen to avoid the oxidation of GSH. At
desired time intervals, S mL of the release medium was taken out and
refilled with an equal volume of fresh medium. The collected release
solutions were dialyzed against DI water to remove GSH, and then
the amount of proteins was quantified by microBCA assays. Protein
loading content (PLC) and protein loading efficiency (PLE) were
calculated according to eqs 1 and 2, respectively.

PLC (wt %) =
(weight of protein/total weight of polymer and protein) X 100
(1)
PLE (%) = (weight of loaded protein/weight of protein in feed)

x 100 ()

2.4. Cellular Uptake and Intracellular Trafficking Behaviors
of NG. Cellular uptake and intracellular trafficking behaviors of NG
with different sizes were explored in several cancer cells, including
4T1, MDA-MB-231, and U87 cells. Typically, cells (3 X 10° cells/
well) were seeded in a 6-well plate with 800 uL culture medium
(RPMI 1640 for 4T1 cells and Dulbecco’s modified Eagle’s medium
(DMEM) for MDA-MB-231 and U87 cells) containing 10% (v/v)
fetal bovine serum, 1% (v/v) antibiotics penicillin (100 IU/mL) and
streptomycin (100 pg/mL) overnight at 37 °C under a CO,
atmosphere (5%). CyS-labeled NG (200 pg/mL) in 200 pL DI
water were added and incubated with the cells for 4 h. Subsequently,
the cells were digested with trypsin, centrifuged at 1000 rpm for 3
min, washed twice with PBS, and dispersed in 500 yL of PBS. Ten
thousand cells were collected to generate histograms using flow
cytometer (BD FACS Calibur, USA).

For confocal laser scanning microscopy (CLSM) measurement,
MDA-MB-231 cells (1 X 10° cells/well) were similarly cultured on
microscope slides in a 24-well plate with DMEM for 24 h. 100 uL of
HA-NG (500 pug/mL) with intrinsic fluorescence in DI water was
added to each well and incubated for 4 h; then the cells were fixed
with 4% paraformaldehyde solution for 15 min. Cytoskeleton was
stained by phalloidin—tetramethyl-rhodamine B isothiocyanate (red)
for 40 min. The fluorescence images were obtained using a confocal
microscope (Leica TCS SP2). For endosomal escape studies, MDA-
MB-231 cells were treated with HA-NG in the same pattern as above.
Then, endosomes were stained by Lysotracker-red (150 nM) for 40
min, and the cells were fixed with 4% paraformaldehyde solution for
1S min. The fluorescence images were taken by a confocal microscope
(Leica TCS SP2).

2.5. In Vitro Cytotoxicity of Sap-NG. CD44-positive 4T1,
MDA-MB-231, A549, and SMMC-7721 cancer cells were chosen to
explore the in vitro cytotoxicity of Sap-loaded NG (Sap-NG) using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide (MTT)
assay. Briefly, 4T1 (1 X 10° cells/well), MDA-MB-231 (2.5 X 10°
cells/well), AS49 (2 X 10° cells/well), or SMMC-7721 cells (2 X 10°
cells/well) were plated in 96-well plates and cultured in media
supplemented with 10% (v/v) fetal bovine serum and antibiotics
penicillin (100 IU/mL) and streptomycin (100 pg/mL) for 24 h in
5% CO, atmosphere at 37 °C. Sap-NG with different concentrations
in DI water (20 uL) were added. After 4 h, the culture medium was
re-freshed, and the cells were incubated for another 92 h.
Subsequently, MTT solution in PBS (10 uL, S mg/mL) was added
to each well and incubated for 4 h in the dark. Following the careful
removal of the supernatant, 150 L of DMSO was added to dissolve
the MTT-formazan crystals, which was measured by a microplate
reader (Bio-Tek, ELX808IU) with the absorbance at 490 nm. The cell
viability was defined as the percentage of the absorbance of the viable
cells treated with Sap-NG to that of the cells treated with PBS. The
ICs, was calculated by curve fitting of the cell viability versus protein
concentrations (n = 4). The biocompatibility of blank NG was
similarly investigated using the MTT assay.

2.6. In Vivo Pharmacokinetics and Biodistribution. The mice
were handled under protocols approved by Soochow University
Laboratory Animal Center and the Animal Care and Use Committee
of Soochow University. To explore the in vivo pharmacokinetics and
biodistribution, free Sap was labeled with radioactive '>*. Briefly, 800
UL of Sap (10 pg/mL), 200 uCi of Na'*I, and 10 pL of 10 mg/mL
chloramine-T were thoroughly mixed, and the reaction proceeded at
room temperature for 20 min. Then, 10 uL of Na,$,05 (10 mg/mL)
was added. After stirring for 10 min, unreacted '**I was removed by
extensive dialysis against DI water (MWCO = 3.5 kDa). The reaction
efficiency determined by the gamma counter was 50%. Sap-NG were
similarly labeled with Na'*I in DI water, and the reaction efficiency
was 15%. For in vivo pharmacokinetic study, female BALB/c mice (n
= 3) were intravenously injected with '**I-labeled free Sap ('**I-Sap)
and Sap-NG (**I-Sap-NG). At 0.05, 0.25, 0.5, 1, 2, 4, 6, 8, 10, and 24
h, around 30 uL of blood was collected from the mice. Sap in blood
samples was quantitated by the gamma counter. The elimination half-
life (t,/,5) of Sap was determined by fitting the experimental data
using the software Origin 9 exponential decay 2 model: y = A,
exp(—x/t;) + A, exp(—x/t,) + yo, and taking t, 55 = 0.693 X t,.

4T1 tumor established by injecting 5 X 10° 4T1 cells suspended in
PBS (50 uL) into the subcutaneous of nude mice (n = 3) was
employed to evaluate the in vivo biodistribution. The tumor-bearing
mice were intravenously injected with '*I-Sap-NG or '**I-Sap. At 6 h
post iv injection, the tumor and major organs were collected, and the
amount of Sap was determined by the gamma counter.

In vivo imaging was further employed to investigate the tumor
targetability of NG with different sizes (80 and 150 nm). CyS-labeled
NG were injected into nude mice (female, 6 weeks old) bearing 4T1
tumor via the tail vein at a concentration of 200 yg/mL. The tumor
fluorescence images were obtained by a near-infrared fluorescence
imaging system (IVIS Lumina II, Caliper, MA) at 2, 6, 12, and 24 h
post-injection.

2.7. Ex Vivo Tumor Penetration. MDA-MB-231 human breast
tumors were established by subcutaneously inoculating MDA-MB-231
cells (1 X 107 cells per mouse) to nude mice (female, 5 weeks old) at
the left flank. When the tumors grew up to 150—200 mm®, mice were
sacrificed. The harvested tumors were ex vivo cultured with NG-80 or
NG-150 (1 mg/mL) in DMEM media supplemented with 10% (v/v)
fetal bovine serum and antibiotics penicillin (100 IU/mL) and
streptomycin (100 yg/mL) in a 24-well plate for 48 h. The tumors
were collected and fixed by 4% formalin for 24 h. Tumor sections (20
um thickness) were collected and mounted on glass slides. The
fluorescence and brightfield images were taken by a confocal
microscope (Leica TCS SP2).
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Figure 1. Size changes of HA-NG with varying polymer concentrations and flow rates. (A) Mean NG size map controlled by adjusting HA
concentrations and flow rates (n = 4). DLS measurement and TEM images of NG with average diameters of 80 (B), 120 (C), and 150 nm (D).

Scales: 200 nm.

3. RESULTS AND DISCUSSION

3.1. Fabrication of HA-NG via Microfluidics and
Photo-Click Cross-Linking. Traceable bioresponsive NG
were fabricated from HA-g-Cys-MA and HA-g-Tet using the
microfluidics technique and catalyst-free photo-click reaction
(Scheme S3). The convergent channel in the microfluidics
chip created tunable symmetric microvortices and a different
focusing pattern, generating nanodroplets with defined sizes
and size distribution. Following covalent cross-linking via a
catalyst-free “tetrazole—alkene” click reaction, stable NG were
formed. Figure S1 shows that the absorbance at 275 nm
belonged to the tetrazole groups of HA-g-Tet completely
disappeared in NG after UV irradiation for 60 s, signifying the
fast reaction and thorough cross-linking of NG. The formed
NG exhibited tunable sizes (80—160 nm), depending on flow
rates and polymer concentrations (Figure 1A). The size of NG
was observed to decrease with increasing total flow rates from
60 to 6000 yL/min and decreasing polymer concentrations
from 10.0 to 3.5 mg/mL. Faster flow rates and higher solution
viscosity (polymer concentration) corresponding to bigger
Reynolds number (Re) for microfluidics have been reported to
generate smaller nanoparticles.”” As characterized by DLS and
TEM, HA-NG displayed a spherical morphology and control-
lable defined sizes (Figure 1B—D). In the following, NG with
diameters 80 nm (Table 1, entry 1) and 150 nm (Table 1,

Table 1. Characteristics of HA-NG

M, of HA DS of DS of size zeta
entry” (kg/mol) Tet MA (nm)?  PDI®  (mV)©
1 20 S S 83.6 0.13 —-15.7

2 20 10 S 82.4 0.14 —15.9
3 36 10 S 98.1 0.12 —16.4
4 36 10 10 96.7 0.11 —-16.2
5° 20 S S 153.1 0.10 -17.9

“Entries 1—4: polymer concentration: 3.5 mg/mL, flow rates: 6000
uL/min; entry S: polymer concentration: S mg/mL, flow rates: 60
uL/min. ®Determined by DLS at 25 °C in water. “Determined by
Zetasizer Nano-ZS equipped with an electrophoresis cell at 25 °C in
water.

entry S) are referred to as NG-80 and NG-150, respectivelz.
Comparing with the traditional nanoprecipitation method,”
the microfluidics technique generated NG with smaller and
more controlled sizes (Figure S2). Besides, much less (1/8.3)
acetone and UV irradiation time (1 vs 3 min) are required for
the microfluidics technique. We further investigated the
influence of molecular weight and DS of HA derivatives on
the NG size. The results showed that although the DS of HA
derivatives had little influence on the NG size, HA with a
higher molecular weight (35 kg/mol) produced NG with
bigger sizes, possibly owing to augmented solution viscosity
and decreased Re (Table 1). To exploit the effect of cross-
linking density, HA-Lys-Tet with a DS of 10 (Table 1, entry 2)
was employed to form NG-80 with a higher cross-linking
density, which is denoted as NG-80/HX in the following. In
addition, the decoration of GALA in NG was observed to have
little influence on its size.

NG displayed a negatively charged surface with zeta
potentials of around —16 mV and intrinsic fluorescence
resulting from formed pyrazoline groups in the NG (Figure
2A). Similar intrinsic fluorescence was also observed in the
polymer, NG, and micro§els formed via the “tetrazole—alkene”
photo-click reaction.””™* The fluorescence intensity increased
with increasing DS of HA derivatives, and the strong
fluorescence facilitates the tracking of cellular uptake and
tumor penetration behaviors of HA-NG. Besides, HA-NG
displayed high stability and showed little size change following
extensive dilution and one-week storage at 4 °C (Figure 2B—
C). In the presence of GSH, NG showed obvious swelling and
aggregation in 24 h owing to the cleavage of disulfide bonds,
signifying the reduction sensitivity of NG.

3.2. Protein Loading and Release. Proteins, including
Sap, cytochrome C, herceptin, BSA, and IgG, could be easily
loaded into HA-NG by mixing proteins with the polymer
solution before injecting into the inlet of the microfluidic chip.
The results showed that all proteins could be efficiently
encapsulated into NG-80, and the PLE ranged from 73.4 to
97.1% at a theoretical PLC of 5 wt % (Table 2). Protein
loading in NG was observed to have little influence on their
size, size distribution, and surface charge. NG-150 exhibited
equivalent loading capacity for the above five proteins. Using
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Figure 2. (A) Fluorescence emission spectra of NG-80, NG-80/HX,
and polymer solution at an excitation wavelength of 365 nm. The
inset shows the fluorescent image of HA-NG. Colloidal stability of
NG-80 (B) and NG-150 (C) at 1.0 mg/mL in water for 7 days,
against 100-fold dilution, and 10 mM GSH.

Table 2. Characteristic of Protein-Loaded NG-80

PLC (wt %)

PLE size zeta

protein theory determined (%) (nm)®  PDI*  (mV)®
cytochrome C S 4.8 96.3 78.4 0.11 -15.0
10 8.9 87.9 81.8 0.12 —13.9

Sap S 3.8 73.4 80.7 0.13 —15.1
10 5.7 54.4 82.3 0.16 —14.5

BSA S 4.0 76.9 88.4 0.15 —-16.3
10 7.5 73.3 91.5 0.14 —-17.4

herceptin N 4.8 96.0 82.8 0.10 —15.2
10 8.6 84.6 87.2 0.13 —-14.3

IgG S 4.8 97.1 79.3 0.12 —14.9
10 9.5 94.6 84.5 0.14 —13.8

“Determined by DLS at 25 °C in water. “Determined by a Zetasizer
Nano-ZS equipped with an electrophoresis cell at 25 °C in water.

the microfluidics technique, small physically cross-linked NG
were elegantly developed from HA-g-octenyl succinic acid and
alginate/Ca?", respectively, though they showed poor stability
and drug loading because of weak cross-linking.*** Although
Sap-loaded NG exhibited high stability with less than 20%
protein release in 24 h under physiological conditions, fast
protein release was observed in the presence of GSH (Figure
3A). The protein release behaviors were found to be related
with the cross-linking density of NG, and NG-80/HX
exhibited a slightly lower release of Sap in comparison with
NG-80 within 24 h. However, the NG with different sizes of 80
and 150 nm displayed similar release behaviors in the absence/
presence of GSH. Of note, the released Sap revealed an
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Figure 3. (A) In vitro release of Sap from NG-80, NG-80/HX, and
NG-150 in PB with or without 10 mM GSH. (B) Circular dichroism
spectra of native Sap and released Sap.

equivalent secondary structure to the native one (Figure 3B),
indicating that the loading process has little influence on the
structure of encapsulated proteins.

3.3. Cellular Uptake, in Vitro Cytotoxicity, and
Endosomal Escape. The cellular uptake behaviors of NG
with different sizes were investigated in both CD44-positive
(4T1 and MDA-MB-231) and CD44-negative (U87) cancer
cells. Flow cytometry measurement revealed that NG-80 had
over twofold stronger fluorescence intensity than NG-150 in all
tested cells (Figure 4A—C), suggesting that NG with a smaller
size had higher cellular uptake whether in CD44-positive or
CD44-negative cells. Other nanovehicles, including silica, Au,
and polymeric nanoparticles, with a smaller size have also been
observed to have higher cellular uptake in different cancer
cells.”~** Taking advantages of the intrinsic fluorescence of
NG, their cellular uptake was further observed using CLSM.
The results showed that the cells treated with NG-80 exhibited
much stronger NG fluorescence than those incubated with
NG-150 in the cytoplasm of MDA-MB-231 cells (Figure 4D),
supporting that small size benefits the cellular uptake of NG.

In the following, the cytotoxicity of Sap-NG was evaluated
using the MTT assay in CD44-positive 4T1, MDA-MB-231,
AS549, and SMMC-7721 cancer cells. Sap-NG could efficiently
inhibit cell proliferation with an ICs, ranging from 13.1 to 25.7
nM in the four tested cancer cells (Figure SA—D). In line with
the higher cellular uptake of NG with smaller sizes, NG-80
generated higher cytotoxicity and lower ICg, in comparison
with NG-150 in all tested cancer cells (Table 3). By
introducing a fusogenic peptide GALA, Sap-NG/GALA
exhibited a further enhanced anticancer effect, and NG-80/
GALA-1.0 displayed smaller ICy, values that were around half
of NG-80 without GALA in the tested cancer cells. The
elevated anticancer effect of Sap-NG/GALA mainly results
from the secondary structure change of GALA from random
coil to a-helix, which facilitates the fast endosome escape of
protein-loaded NG. In a similar strategy, GALA has been
introduced into nanomedicines based on liposomes, polymer-
somes, and nanoparticles that exhibited enhanced endosome
escape.”” ™" Interestingly, NG/GALA-1.0 displayed the lowest
ICs in the four tested cancer cells and was thus employed for
the following in vitro and in vivo experiments. As shown in
Figure S3, cells following the incubation with blank NG (50—
800 ug/mL) for 48 h exhibited over 95% cell viability in both
4T1 and MDA-MB-231 cells, illustrating that NG is practically
non-cytotoxic.

The endosomal escape of NG/GALA-1.0 was visualized
using CLSM. Figure SE shows that NG/GALA-1.0 following 4
h incubation with MDA-MB-231 cells displayed nearly
complete departure from endosomes, as evidenced by the
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Figure 4. Flow cytometry profile of (A) CD44-positive MDA-MB-231 cells, (B) CD44-positive 4T1 cells, and (C) CD44-negative U87 cells
following the treatment with NG for 4 h. (D) CLSM image of MDA-MB-231 cells following the treatment with NG for 4 h. Cytoskeleton was

stained by phalloidin—tetramethyl-rhodamine B isothiocyanate (red).

Scale bars: 20 ym.

separation of NG (green) from endosomes (red). Under
otherwise same conditions, cells treated with NG-80 and NG-
150 without GALA displayed a number of yellow points,
indicating that most NG colocalize with endo/lysosomes.
Meanwhile, NG-80 displayed more dispersed NG fluorescence
in the cytoplasm of MDA-MB-231 cells in comparison with
NG-150, suggesting that a smaller size benefits the endosomal
escape of NG. Considering that Sap takes effect only on
ribosome, the endosomal escape is critical for the efficient
delivery of Sap by NG.

3.4. In Vivo Pharmacokinetics and Biodistribution.
For in vivo pharmacokinetic studies, 125I-Sap-NG and free I
Sap were iv injected in mice, respectively. The blood was
withdrawn at a predetermined time, and the amount of Sap
was quantified by measuring the '*°I using the gamma counter.
As shown in Figure 6A, all NG followed a typical two-phase
pharmacokinetics, that is, a fast distribution phase and a long
elimination phase. Both '*I-sap-NG-80 and '*’I-sap-NG-150
exhibited a short distribution halflife (t,,,) of 0.12 h,
indicating quick distribution of NG in different tissues and
organs, like liver and spleen, following iv injection. In
comparison with '*’I-Sap-NG-80 (t,/,5 = 3.80 h), '*’I-Sap-
NG-150 with a bigger size displayed a prolonged elimination
half-life (t,/,5 = 4.65 h). Nanovehicles, like nanosuspension,
with a bigger size of 200 nm have been previously observed to
have a longer circulation time than their small (70 nm)
counterparts (f,/,5: 40 vs 24 min).”> The opposite has,
however, been reported for poly(ethylene glycol)-coated silica
and gold nanoparticles, in which nanoparticles of over 100 nm
had a noticeably shorter circulation time than smaller ones (60
nm).>>>* The different effects of particle size on circulation
time might be because of the difference in types and surface

- . 5,56
characteristics of nanoparticles.” The incorporation of

GALA in NG was observed to have little effect on its
circulation time, and both NG-80 and NG-80/GALA had an
elimination half-life of around 3.80 h. In sharp contrast, free
Sap was rapidly cleared from the systemic circulation and
presented a short elimination half-life of 0.69 h.

Biodistribution is one of the key factors that affect the
overall therapeutic performance of nanomedicines. Following
iv injection in mice bearing 4T1 tumors for 6 h, '**I-Sap-NG
with different sizes exhibited much higher protein accumu-
lation at tumor sites than free '*I-Sap (1.94% ID/g), signifying
their tumor targetability (Figure 6B). Moreover, '**I-Sap-NG-
80 displayed significantly higher accumulation in tumor than
»’I-Sap-NG-150 (8.5% ID/g vs 5.9% ID/g, p < 0.05),
suggesting that NG with smaller sizes have better tumor
penetration and retention. '**I-Sap-NG-80/GALA showed an
equivalent tumor accumulation to '**I-Sap-NG-80, indicating
that GALA functionalization has little effect on tumor
accumulation of NG.

The tumor targetability of NG was further investigated by in
vivo imaging. The results showed that NG following iv
injection could efficiently accumulate at tumor sites in 4T1
tumor-bearing mice during the whole experimental period (2—
24 h), in which NG-80 displayed much higher augmentation
than NG-150, as characterized by stronger fluorescence
intensity from CyS-labeled NG (Figure S4). Thus, the Sap-
loaded NG possesses superb tumor targetability and extended
circulation time, and although exhibiting a shorter elimination
half-life, smaller NG display higher tumor accumulation.

3.5. Ex Vivo Tumor Penetration. The tumor penetration
of nanomedicines is believed to be related with their sizes and
plays a critical role in achieving the therapeutic effect.””** To

22176 DOI: 10.1021/acsami.9b05827
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Figure S. Cell viability of (A) 4T1, (B) MDA-MB-231, (C) AS549, and (D) SMMC-7721 cells treated with different Sap-NG groups. Cells were
incubated with Sap-NG for 4 h and further cultured in a fresh culture medium for another 92 h. (E) Endosome escape of fluorescent NG-80/
GALA-1.0 (green, 200 ug/mL) in 4T1 cells following 4 h incubation. Endosomes were stained by LysoTracker Red (red). Scale bars: 20 ym.

explore the tumor penetration of NG, MDA-MB-231 tumors
were established and harvested upon reaching 150—200 mm?®
and then incubated with NG with different sizes. As shown in
Figure 6C, the tumor penetration of NG was closely associated
with their sizes, in which NG-80 demonstrated much deeper
penetration from the periphery of the tumors than NG-150

22177

following 48 h incubation. The quantitative analysis revealed
that NG-150 mostly accumulated at the sites that were 150—
200 pm away from the tumor periphery, whereas NG-80 group
showed a large amount of NG fluorescence at 300—500 ym
away from the tumor periphery (Figure 6D). Therefore, the
size of NG has a critical effect on their tumor penetration and
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Table 3. IC;, Values of Sap-NG in Different Cancer Cells

1Cq, (nM)
4T1  MDA-MB231 A549  SMMC-7721
NG cells cells cells cells
NG-80 13.1 17.6 16.4 14.5
NG-80/GALA-0.5 8.6 12.0 10.7 9.5
NG-80/GALA-1.0 7.4 10.3 8.7 79
NG-80/GALA-1.5 9.7 114 122 11.0
NG-150 19.2 25.7 24.8 21.0
A 4[ == NG-80 B W WG-50 [ NG-S0GALA
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Figure 6. (A) In vivo pharmacokinetics of '*I-Sap-NG and free '*I-

Sap in normal BALB/c mice (n = 3). (B) Quantified accumulation of
Sap in tumor and major organs using the gamma counter after iv
injection for 6 h in mice bearing 4T1 breast tumor (n = 3, *p < 0.05,
*#p < 0.01). (C) CLSM images were taken to show the penetration of
fluorescent NG (green) in tumor sections (20 ym thickness). The
MB-MDA-231 tumor was incubated with 1.0 mg/mL of NG for 48 h
ex vivo. Scale bars: 200 ym. (D) Fluorescence quantification along the
arrow in the CLSM images in (C) by Image].

tumor accumulation, which has been reported for other

nanovehicles, including silica nanoparticles and polymeric
: 45,57,59

micelles.

4. CONCLUSIONS

We have demonstrated that small, traceable, endosome-
disrupting, and bioresponsive hyaluronic acid NG (HA-NG)
mediate CD44-targeted intracellular delivery of therapeutic
proteins. With microfluidics and catalyst-free photo-click cross
linking, HA-NG can be fabricated with defined and tunable
sizes ranging from 80 to 160 nm, strong green fluorescence,
and efficient loading of different proteins. Interestingly, HA-
NG with a smaller size (80 nm) reveals a clearly better cellular
uptake, accelerated endosomal escape, and significantly greater
tumor uptake as well as penetration in MDA-MB-231 human
breast tumor xenografts in comparison with their 150 nm
counterparts. By introducing a pH-sensitive fusogenic peptide,
GALA, the endosome escape and antiproliferation effect of
Sap-NG in different cancer cells can further be boosted. These
small, CD44-targeting, endosome-disrupting, and biorespon-
sive NG with easy and controlled fabrication hold a great
potential for targeted protein therapy.
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