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Abstract

For polymeric nanoparticles (NPs) to deliver more drugs to tumors than free drug solution, it is
critical that the NPs establish interactions with tumor cells and avoid removal from the tumors.
Since traditional polyethylene glycol (PEG) surface layer interferes with the cell-NP interaction in
tumors, we used a water-soluble and blood-compatible chitosan derivative called zwitterionic
chitosan (ZWC) as an alternative surface coating for poly(lactic-co-glycolic acid) (PLGA) NPs.
The ZWC-coated PLGA NPs showed pH-dependent surface charge profiles and differential
cellular interactions according to the pH of the medium. The /n vivo delivery of ZWC-coated NPs
were evaluated in mice bearing LS174T-xenografts using magnetic resonance (MR) imaging and
fluorescence whole body imaging, which respectively tracked iron oxide particles and indocyanine
green (ICG) encapsulated in the NPs as tracers. MR imaging showed that ZWC-coated NPs were
more persistent in tumors than PEG-coated NPs, in agreement with the /in vitro results. However,
the fluorescence imaging indicated that the increased NP retention in tumors by the ZWC coating
did not significantly affect the ICG distribution in tumors due to the rapid release of the dye. This
study shows that stable drug retention in NPs during circulation is a critical prerequisite to
successful translation of the potential benefits of surface-engineered NPs.
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1. Introduction

Polymeric nanoparticles (NPs) have widely been explored as a carrier of anti-cancer drugs in
systemic chemotherapy. The premise of the NP-based chemotherapy is that NPs remain in
the blood vessels of normal tissues but extravasate near the tumors due to the defects in
peritumoral vasculature [1]. This allows NPs to gain preferential access to tumors compared
to free drugs, potentially reducing side effects and increasing therapeutic efficacy. To realize
this potential, it is necessary that NPs avoid non-specific interactions with the monocyte
phagocyte system (MPS) and survive in circulation until they reach tumors. Moreover, NPs
need to establish interactions with tumor cells once they reach the tumors so that the NPs
avoid washout from the tissues. The polymeric layer traditionally used for protecting NPs in
circulation, such as polyethylene glycol (PEG), does not meet these requirements because it
generally interferes with the NP-cell interactions, irrespective of the circumstances, creating
a ‘PEG dilemma’ [2]. These challenges may have collectively contributed to dismal
efficiency of NP delivery to tumors, which is measured to be no higher than 1% of the total
injected dose [3].

In an effort to improve NP retention in tumors, early studies have proposed the use of pH-
sensitive surface modification [4-6], which enhances cell-NP interactions in the acidity of
tumor microenvironment [7, 8]. For example, a recent article describes mesoporous silica
NPs modified with a pH-sensitive peptide called pH (low) insertion peptide (pHLIP), which
forms a hydrophobic transmembrane helix at acidic pH to efficiently enter cells [6]. The
pHLIP-modified NPs showed greater anticancer effect than PEGylated counterpart with
doxorubicin as the payload [6]. In the same vein, we previously proposed that a low
molecular weight chitosan (LMW(C) can serve as an alternative polymer for the protection of
NP surface [9, 10]. Chitosan is a linear polyaminosaccharide with a pKa value close to 6.5,
assumes positive charges in the acidic tumor microenvironment, and helps establish
electrostatic interactions with the negatively charged cell membrane. Due to the low
molecular weight (<6.5 kDa), LMWC remains hydrophilic in neutral pH and fulfills its role
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as a protective surface layer. LMWC-coated NPs show good cell interactions selectively at
acidic pH sparing the cells in neutral pH. However, LMW(C is not completely water-soluble
in neutral pH and shows limited compatibility with blood components [11].

To address these limitations, we synthesized water-soluble derivatives of LMW(C, called
zwitterionic chitosans (ZWCs), by partial succinylation of the amine groups [11]. ZWC
show unique pH-dependent charge profiles, where they are positively charged at acidic pH
due to the inherent amine groups and negatively charged in relatively basic pH due to the
newly introduced carboxyl groups. The pH at which the charge changes depends on the
degree of succinylation, which can be easily controlled by the feed ratio of succinyl
anhydride to chitosan (An/Am ratio). We reported that ZWC had excellent blood
compatibility and anti-inflammatory activities [12] and formed an electrostatic complex with
cationic polyamidoamine (PAMAM) dendrimers to reduce the cytotoxicity [13]. Owing to
the ability to change charges according to the pH, ZWC prevented non-specific cellular
interaction of PAMAM dendrimers at neutral pH but allowed them to interact with cells in
acidic milieu [13].

On the basis of water solubility, cytocompatiblity, and pH-sensitive charge profile, we
choose to use ZWC instead of LMWC for the modification of polymeric NP surface in this
study. Here, the surface of poly(lactic-co-glycolic acid) (PLGA) NPs is coated with ZWC
using dopamine as a mediator, which polymerizes in a weak alkaline solution to form a thin
layer that accommodates ligands with nucleophilic groups [14]. With this method, various
functional ligands can be conjugated onto NPs irrespective of the surface reactivity [14-16].
We test the pH-responsive cellular interaction of ZWC-coated NPs and compare with pH-
independent PEG-coated NPs using different cell models. To evaluate the /in vivo
performance of the NPs, we encapsulate two distinct tracers — hydrophaobic iron oxide (10)
particles and indocyanine green (ICG) - in the core NPs, where 10 represents NPs and ICG
does a small molecule drug (<1000 Da [17]) delivered by the NPs. We compare the
distribution profiles of the two tracers using magnetic resonance (MR) imaging and near-
infrared (NIR) fluorescence imaging, respectively, and critically analyze their difference.
The results indicate that ZWC-coated NPs show the pH-dependent cell interactions and
greater retention in tumors; however, the benefit may not translate to /n vivo efficacy without
stable encapsulation of the payload.

2. Materials and methods

2.1. Materials

All biochemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise specified. Poly(lactic-co-glycolic acid (PLGA. LA:GA = 85:15, 150 kDa) and
rhodamine-conjugated PLGA (Rho-PLGA, LA:GA = 50:50, 30 kDa) were purchased from
Akina, Inc. (West Lafayette, IN). Methoxyl polyethylene glycol-NH, (PEG-NH,, 2000 Da)
was purchased from Nanocs (New York, NY). Iron oxide (10) particles (5 nm) and gold
(Au) particles (5 nm) were purchased from Ocean NanoTech (San Diego, CA). Indocyanine
green (ICG) was purchased from MP biomedicals (Santa Ana, CA), dopamine HCI from
Alfa Aesar (Ward Hill, MA), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) from Invitrogen (Eugene, OR). Deionized (DI) water was obtained from a
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Milli-Q ultrafiltration system (Millipore, MA). ZWC was synthesized by partial
succinylation of chitosan with an anhydride to amine (An/Am) feed ratio of 0.1 and 0.3 and
characterized as described previously [11].

2.2. Preparation of core PLGA NPs

2.3. Surface

PLGA NPs were prepared by the single emulsion method. Typically, 50 mg of PLGA was
dissolved in 4 mL of dichloromethane (DCM). The polymer solution was added to 10 mL of
4% polyvinyl alcohol (PVA) solution and emulsified with a probe sonicator (Sonics
Vibracell, Newtown, CT) for 2 min in ice, pulsing at a power level of 7 W and a 2:1 duty
cycle every 6 s. The emulsion was transferred to 20 mL of DI water, stirred for 1 h, and
evaporated with a rotary evaporator for another 1 h to remove DCM. A modeling study
predicts that 99.9% DCM is extracted from the particle core in 0.01 s and >98% of the
extracted DCM is evaporated in air in <40 min [18]. Therefore, the majority of DCM is
likely to have been removed by the above procedure. The formed NPs were collected by
centrifugation at 16,000 rcf for 20 min at 4 °C and washed twice with DI water.

PLGA NPs were labeled in four different ways according to the purpose of the experiment.
For flow cytometry analysis of cell-NP interactions, NPs were fluorescently labeled by
replacing10 mg of PLGA with Rho-PLGA. For magnetic resonance imaging of NP
distribution in live animals, 10 particles were added to the PLGA solution at the IO/PLGA
weight ratio of 5% to produce 10-embedded NPs. For imaging the biodistribution of a small
molecule payload, ICG was encapsulated as a model drug in PLGA NPs by the double
emulsion method. First, 625 L of an aqueous phase containing 19 mg of human serum
albumin (HSA) and 5 mg of ICG was emulsified in 6.3 mL of PLGA solution (20 mg/mL)
via probe sonication at a power level of 7 W and a 1:1 duty cycle every 2 s for 1 min,
creating a primary (w4/0) emulsion. The emulsion was further emulsified in 24 mL of 2.5%
PVA solution via probe sonication (2 min, 4s on/2s off) to form a secondary emulsion
(w1/o/ws,), which was dispersed in 42 mL of DI water and stirred for 1 h, followed by rotary
evaporation for 2 h. For pharmacokinetics study, Au particles were encapsulated in the NPs
by the double emulsion method. One mL of an aqueous phase containing 1 mg of Au
particles was emulsified in 5 mL of PLGA solution (20 mg/mL) via probe sonication and
further emulsified in PVA solution in the same way as ICG-containing NPs. The NPs were
collected and washed in the same way as above. These NPs were called Rho-NP (PLGA
NPs labeled with covalently conjugated rhodamine), IO@NP or Au@NP (PLGA NPs
labeled with 10 or Au particles physically embedded in the NP matrix), and ICG@NP
(PLGA NPs labeled with ICG dye physically encapsulated in the NP matrix), according to
the labeling method.

modification of PLGA NPs with ZWC and PEG (Fig. 1)

The core NPs were prime-coated with polydopamine (pD) as previously reported [14].
Briefly, the core NPs were incubated with dopamine in Tris buffer (10 mM, pH 8.5) for 3 h.
The pD-coated NPs (NP-pD) were collected by centrifugation at 16,000 rcf for 20 min at

4 °C. Separately, ZWCq 1 (ZWC produced with an An/Am ratio of 0.1) was prepared as 0.5
mg/mL solution in DI water, which was acidified to pH 6.3. ZWCg 3 (ZWC produced with
an An/Am ratio of 0.3) and PEG-NH, were prepared as 2 mg/mL solution in Tris buffer (10
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mM, pH 8.5). Twenty milligrams of NP-pD was dispersed in 20 mL of ZWCj ; solution or 5
mL of ZWCg 3 or PEG-NH, solution and vortex-mixed for 9 h. The NPs were then collected
by centrifugation and freeze-dried with trehalose for storage. The surface-modified NPs
were named NP-pD-ZWC 1, NP-pD-ZWC 3, and NP-pD-PEG, according to the surface
material.

2.4. Characterization of surface-modified NPs

The hydrodynamic diameter and zeta potential of surface-modified NPs were measured by
dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS90 (Malvern,
Worcestershire, UK). The particle size was measured with NPs dispersed in distilled water.
The zeta potential was measured using NPs dispersed in buffers (10 mM) with different pHs.
The NPs were imaged with a Tecnai F20 transmission electron microscope (FEI, Hillsboro,
OR) after negative staining with 2% phosphotungstic acid (PTA). Fe and Au contents in NPs
were determined by atomic absorption spectroscopy (AAS) using a Perkin-Elmer 3110
Spectrometer (Waltham, MA).

2.5. Cell culture

4T1 mouse breast cancer cells (ATCC, Manassas, VA) were grown in RPMI-1640
supplemented with 10% fetal bovine serum (FBS), and LS174T human colon cancer cells
(ATCC, Manassas, VA) in Eagle’s Minimal Essential Medium (EMEM) containing 10%
FBS. NIH/3T3 mouse fibroblasts (ATCC, Manassas, VA) and J774A.1 macrophages (ATCC,
Manassas, VVA) were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% calf bovine serum. All the media contained 100 units/mL of penicillin and 100
ug/mL of streptomycin. Cells were incubated at 37 °C in a humidified 5% CO, atmosphere.

2.6. Cytocompatibilty of surface-modified NPs

Cytocompatibility of IO@NPs and ICG@NPs was tested in NIH/3T3 fibroblasts and J774A.
1 macrophage using the MTT assay. Cells were plated in a 96-well plate at a density of 104
cells per well in 200 uL of complete medium, grown overnight, and treated with the NPs in a
final concentration ranging from 0.05 to 0.5 mg/mL. After 24 h incubation, the medium was
replaced with 100 L of fresh medium containing 37.5 pug of MTT reagent and incubated for
3.5 h, followed by the addition of stop/solubilization solution. The absorbance of solubilized
formazan was read with a SpectraMax M3 microplate reader (Molecular Devices,
Sunnyvale, CA) at a wavelength of 562 nm. The measured sample absorbance was
normalized to the absorbance of control cells without NP treatment.

2.7. NP-cell interactions

2.7.1. Confocal microscopy of LS174T cells incubated with surface-modified
NPs—LS174T cells were seeded in a 35 mm glass bottomed Petri dish (MatTek). After 3
days, the cells were incubated with Rho-NPs (Rho-NP-pD, Rho-NP-pD-ZWCj 1, Rho-NP-
pD-ZWC 3, and Rho-NP-PEG) at pH 6.7 or 7.6 for 4 h and washed twice with fresh
complete medium to remove free or loosely bound NPs. The cells were incubated in 2
pg/mL Hoechst for 5 min for nuclei staining and washed twice with medium. Live cells were
imaged with a Nikon A1R confocal microscope (Nikon America Inc., Melville, NY).
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2.7.2. Flow cytometry of 4T1 cells and J774A.1 macrophages incubated with
surface-modified NPs—A4T1 cells were seeded in a 12-well plate at a density of 104 cells
per well in 1 mL of complete medium and grown to 90% confluence. The cells were
incubated with Rho-NPs at pH 6.7, 7.0 or 7.6 for 4 h and washed twice with fresh medium
to remove free or loosely bound NPs. J774A.1 macrophages were seeded in a 24-well plate
at a density of 10* cells per well in 1 mL of complete medium and grown to 90%
confluence. The cells were incubated with Rho-NPs at pH 7.4 for 4 h and washed twice with
fresh medium. The cells were trypsinized and collected by 5 min centrifugation at 930 rcf,
redispersed in 0.3 mL of medium, and analyzed with an Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA) equipped with an FL-1 detector (Agy/Aem = 488/525 nm).

2.8. Stability of NPs in 50% serum

To estimate the stability of ICG@NPs in blood, ICG@NPs were incubated in 50% FBS
diluted with PBS at a concentration of 0.2 mg/mL. At predetermined time points, NPs were
centrifuged at 9200 rcf for 15 min to separate a supernatant and a pellet. The supernatant and
the pellet were resuspended in 50% FBS, placed in a black 96-well plate and imaged with an
IVIS Lumina Il system (PerkinElmer, MA). To evaluate the stability of Au or 10
encapsulation, Au@NPs and IO@NPs were suspended in 50% FBS at a concentration of 1
mg/mL and incubated for 2-4 days at 37 °C. The NPs were imaged with TEM after 2% PTA
negative staining.

2.9. Pharmacokinetics

All animal procedures were approved by Purdue Animal Care and Use Committee, in
conformity with the NIH guidelines for the care and use of laboratory animals. Female
Balb/c mice (6—7 weeks) were purchased from Envigo (Indianapolis, IN) and acclimatized
for 1 week prior to the procedure. The mice were administered with 1 mg of Au@NPs
dispersed in 5% dextrose injection solution via tail vein. At 1, 3, 6, 12, and 24 h post-
injection, 3 mice were randomly selected from each group and sacrificed for blood
sampling. Blood was drawn from the orbital sinus and collected in BD Vacutainer with
EDTA as an anticoagulant. NP concentration in whole blood was determined by detecting
Au by AAS.

2.10. NP administration in tumor-bearing animals

6—7 week old female athymic nude mice (Foxnlnu) were purchased from Envigo
(Indianapolis, IN) and acclimatized for 1 week prior to the procedure. Each mouse received
a subcutaneous injection of 3 x 108 LS174T cells in the upper flank of the right hind leg.
When the average tumor volume reached 100-200 mm3, animals received a tail-vein
injection of IO@NPs (n=5 per group) or ICG@NPs (n=3 per group, repeated twice)
dispersed in phosphate buffer (10 mM, pH 7.4). Each animal received 2.5 mg of IO@NPs
(equivalent to 5 mg Fe/kg) or 2 mg of ICG@NPs that showed comparable fluorescence
intensity when suspended in 50% FBS. With another cohort of animals, tumors were grown
to 150-1000 mms3 to measure the internal pH of tumor mass using an InLab solids electrode
(Mettler Toledo, Columbus, OH).
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2.11. Magnetic resonance imaging of NP-treated animals

MR images of IO@NP-treated animals were acquired under 3% isoflurane anesthesia,
before and 2, 13, 36 and 60 h after the NP administration. Axial views of whole-body MR
images were obtained using a BioSpec 7T small-animal MRI scanner (Bruker, Billerica,
MA). T2*-weighted MR images were obtained using a gradient echo sequence (TR/TE =
1781/15 msec, FOV = 32 mm?, flip angle = 90°/180°, matrix size = 256 x 256, NEX = 4,
number of slices = 20, and section thickness = 1 mm). T2*-weighted datasets were
processed with ImageJ 1.47v (Bethesda, MD). The signal intensity (SI) of tumor was
normalized to SI of muscle at each time point. Signal enhancement was defined as
[Normalized SI of tumor (pre-injection) - Normalized Sl of tumor (post-injection)]/
Normalized Sl of tumor (pre-injection) x 100%.

2.12. Near infrared fluorescence imaging of NP-treated animals

Animals receiving ICG@NPs were imaged under isoflurane anesthesia. The whole-body
fluorescence was measured before and 2, 6, 10, 22, 32, 56 and 80 h after injection using the
IVIS Lumina Il system with 745/1CG filters, 3s exposure time and medium binning. The
average radiant efficiency of tumor and shoulder skin was measured at each time point. The
fluorescence intensity of tumor region of interest was expressed as radiant efficiency of
tumor relative to radiant efficiency of skin.

2.13. Statistical Analysis

All data were analyzed using GraphPad Prism 7 (La Jolla, CA) with ANOVA to determine
difference among the groups followed by the recommended multiple comparisons test. A
value of p < 0.05 was considered statistically significant.

3. Result and Discussion

3.1. Synthesis and characterization of surface-modified NPs

Surface-modified NPs were created by coating the surface of PLGA NPs with ZWCs or
PEG-NH,. Two types of ZWCs (ZWCj 1 and ZWCj 3) were produced with the An/Am ratio
of 0.1 and 0.3 (Supporting Fig. 1). ZWC shows negative charges at relatively basic pH and
positive charges at acidic pH, with the transition pH inversely proportional to the An/Am
ratio [11]. Typically, ZWC 3 shows a transition pH at 6.6—7.0 [11, 13], and ZWCj ; at 6.9
7.2 (Supporting Fig. 1). The NPs coated with ZWCq ; and ZWCg 3 (NP-pD-ZWCy 1 and
NP-pD-ZWCy 3) showed pH-dependent surface charges similar to those of respective ZWC
(Fig. 2d), which confirms successful modification of the NP surface. Unlike NP-pD-ZW(Cs,
NPs modified with PEG-NH, (NP-pD-PEG) were slightly negatively charged irrespective of
the pH.

The hydrodynamic diameter of core NPs measured by DLS was 220 nm on average with
relatively monodisperse distribution (polydispersity index ~0.1). NP-pD-PEG maintained a
similar size distribution as core NPs. NP-pD-ZWCj 1 and NP-pD-ZWC 3 were slightly
larger than the core NPs, although both remained below 300 nm (Table 1). On the other
hand, TEM images show that all NPs were ~100 nm or smaller in diameter, indicating that
the size measured by DLS reflect varying degrees of aggregation following the purification
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steps. It is uncertain whether the NPs will be resolved to the original size during circulation.
Although the unresolved NPs are larger than typical NPs used in systemic applications
(<100 nm) [19], their size is still smaller than the cutoff size of hyperpermeable tumor
microvessels (1.2 um) [20]; thus, we expect that NPs will be able to reach tumors via the
leaky vasculature despite the increased chance of RES accumulation. All the surface-
modified NPs showed wrinkled layers indicating pD coating [10], which however did not
amount to a measurable thickness (Fig. 1b). Therefore, the relatively large size of NP-pD-
ZWC is interpreted as slightly increased NP aggregation rather than the thickness of the
surface layer.

Cytocompatibility of surface-modified NPs was tested with NIH3T3 and J774A.1 cell lines
(Supporting Fig. 2). All three NPs showed comparable effects on these cells, causing no
more than 20%-40% decrease in mitochondrial metabolic activity at concentrations as high
as 0.5 mg/mL, which is comparable to core PLGA NPs [21]. This indicates that neither pD
nor surface modifiers (ZWCq 1, ZWCj 3 and PEG-NH,) had additional toxicity to the cells.
Based on this result, the following cell experiments were performed at 0.2 mg/mL.

3.2. pH-dependence of NP-cell interactions

To evaluate whether the pH-dependent charge variability translates to pH-dependent cell-NP
interactions, the surface-modified Rho-NPs were first incubated with LS174T human colon
cancer cells at pH 6.7 and 7.6, representing the pHs of hypoxic tumors and normal tissues,
respectively. Cells treated with NP-pD-ZWCj 1 and NP-pD-ZWC 3 at pH 6.7 showed
higher NP signals than those treated at pH 7.6 (Fig. 2a). The NP signals were observed from
the interior of the cell clusters. Cells treated with NP-pD-PEG showed weak NP signals at
both pHs, comparable to those treated with NP-pD-ZWC at pH 7.6. This result demonstrates
that NP-pD-ZWC interact with LS174T cells in a pH-dependent manner due to the pH-
sensitive surface layer.

The extent of pH-sensitive NP-cell interactions was also evaluated by flow cytometry. Since
LS174T cells grew in clusters, which were not readily dispersed into single cell suspension
with mild treatment, 4T1 mouse breast cancer cell line was used for flow cytometry. 4T1
cells were treated with the Rho-NPs for 4 h, washed with fresh medium, and trypsinized for
flow cytometry analysis. We noticed that NP-pD-ZWC 7 resisted washing and remained
with cells at pH 6.7 and pH 7.0 and NP-pD-ZWCg 3 persisted likewise at pH 6.7 (Supporting
Fig. 3). In both cases, some of the cell-surface bound NPs appeared to be aggregated. In
contrast, the cells treated with NP-pD-ZWC at pH 7.6 and those with NP-pD-PEG at all pHs
had no apparent aggregation of NPs adherent to the cell surface. Consistent with the visual
observation, 4T1 cells treated with NP-pD-ZWC 1 showed a significant difference in
fluorescence intensity according to the pH of the medium: the fluorescence intensity was
highest for cells treated at pH 6.7, followed by those at pH 7 and 7.6 (Fig. 2b, c). The cells
treated with NP-pD-ZWC 3 showed little difference between pH 7.0 and 7.6 but showed
significantly higher fluorescence intensity at pH 6.7. On the other hand, the cells treated
with NP-pD-PEG did not show any difference in fluorescence intensity at all pHs. This
result confirms that NP-pD-ZW(Cs interact with cells in a pH-dependent manner. Moreover,
the difference between NP-pD-ZWCj 1 and NP-pD-ZWC 3 demonstrates that it is possible
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to fine-tune the pH at which the NPs establish the interactions with cells. There was a
positive correlation between the NP surface charge and fluorescence intensity of 4T1 cells
(representing NPs associated with the cells) with a Pearson’s correlation coefficient of
0.9507, indicating that the cell-NP interaction is mediated by an electrostatic interaction
(Fig. 2e).

To test if ZWC protects NPs from phagocytic uptake in neutral pH, Rho-NPs were incubated
with J774A.1 macrophages, and their interactions were analyzed with flow cytometry. The
fluorescence intensity of cells slightly increased upon the incubation with NPs, due to the
basal level of non-specific interaction with NPs, common to all cell-NP combinations.
Nevertheless, there was no significant difference between NP-pD-PEG and NP-pD-ZWCs
(Supporting Fig. 4), suggesting that ZWC would provide similar protection as PEG [10, 24].

3.3. Pharmacokinetics of NP-pD-ZWC and NP-pD-PEG

Prior to imaging the distribution of NPs and the payload, we evaluated pharmacokinetics of
NP-pD-ZWC and NP-pD-PEG in healthy female Balb/c mice. Au particles (5 nm) were
used to label NPs due to the lack of interference in detection and stable encapsulation in
NPs. Au@NPs were comparable to unlabeled NPs in the size (Table 1) and surface charge
(Supporting Fig. 5a). As shown in TEM images, Au particles remained in the NPs after 48 h
incubation in FBS (Supporting Fig. 5b). NP-pD-ZWC and NP-pD-PEG showed similar
blood concentrations at all time points except for the first point (0.5 h), indicating that their
pharmacokinetic behaviors were comparable (Fig. 3), consistent with the similar stealth
effect observed /n vitro (Supporting Fig. 4).

3.4. NP and dye distribution in tumor-bearing mice

We expect that NP-pD-ZWCs will show greater tumor distribution than NP-pD-PEG. Both
NPs will depend on passive extravasation for initial accumulation. Given that both NP-pD-
PEG and NP-pD-ZWCs show similar pharmacokinetic profiles (Fig. 3), the extent of initial
accumulation may not differ much from each other. However, due to the ability to establish
interactions with cells in acidic microenvironment, NP-pD-ZWCs will be better retained in
tumors than NP-pD-PEG. Therefore, NP-pD-ZWCs are expected to show greater net tumor
accumulation than NP-pD-PEG. To test this hypothesis, we compared the distribution of
different NPs in tumor-bearing mice via non-invasive imaging techniques.

We chose the LS174T model based on the literature indicating acidic tumor
microenvironment [25] and confirmed that LS174T xenografts in hude mice developed
weakly acidic pH ranging from 6.7 to 7.2 (Supporting Table). NP distribution was observed
using two imaging modalities: MR and NIR fluorescence imaging. For the MR imaging,
NPs were loaded with 4 wt% 10 particles (IO@NPs), which enables T2 weighted MR
imaging. Due to the large size (5 nm), 10 particles were expected to stay in NPs until
significant degradation of NP matrix. For the NIR fluorescence imaging, NPs were loaded
with 0.1 wt% ICG (ICG@NPs), which has fluorescence spectrum in the NIR range (EX/Em
=745/790 nm). ICG itself is an FDA-approved imaging agent [26, 27] and explored as a
photothermal agent [28, 29], but as a compound with a molecular weight of 775 Da and high
affinity for serum proteins [30] it also represents small molecule drugs (as opposed to
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biologics) with high protein binding. To predict the labeling stability of NPs in blood
circulation, we incubated IO@NPs and ICG@NPs in 50% FBS, which simulates the protein
content in blood [31], and examined 10 retention in NPs and dye release kinetics at different
time points. Similar to Au, most 10 remained in the NPs with no stray 10 after 4 day
incubation (Fig. 4a). This indicates that MRI signals mainly come from IO@NPs and hence
represent the NP distribution. On the other hand, the majority of ICG was detected in the
supernatant of incubation medium after 2 h incubation, irrespective of the NP type,
indicating that ICG was released from ICG@NPs in 50% FBS and the surface coating did
not affect the dye release profile (Fig. 4b). This is a typical release behavior of small
molecule drugs loaded in polymeric NPs in blood-like media [32]. Therefore, the
fluorescence intensity of ICG in whole body imaging may well represent the distribution of
payloads physically encapsulated in NPs.

First, we observed animals injected with IO@NPs coated with ZWCs or PEG using MR
imaging. All animals showed darkening of areas within the tumor relative to the pre-
injection images from the first time point (2 h post-injection) and maintained the contrast
over 60 h, indicating the NP accumulation in tumors (Fig. 5, Supporting Fig. 6). Animals
treated with IO@NP-pD-ZWCs showed greater signals than IO@NP-pD-PEG at 2 h and 13
h post-injection, and the trend persisted over 60 h although statistical significance was not
detected beyond 13 h. There was no significant difference between IO@NP-pD-ZWCj ;1 and
IO@NP-pD-ZWC 3. This result indicates that NP-pD-ZWCs persist better than NP-pD-
PEG due to the ability to interact with cells in an acidic tumor microenvironment, consistent
with our hypothesis, although the fine difference between ZWCg 1 and ZWCq 3 was not
reflected /in vivo.

Next, animals receiving ICG@NPs were observed with NIR fluorescence imaging. Prior to
the injection, we confirmed that all ICG@NPs showed comparable fluorescence intensity in
50% FBS (Supporting Fig. 7). At 2 h post-injection, the ICG fluorescence signal was
distributed throughout the body, mostly concentrated in the abdomen area corresponding to
the small intestine. As the signal in the abdomen faded away over the next 4 to 8 h (6 and 10
h post-injection), tumors were identified with fluorescence signals. The tumor signals were
detectable until 22 h post-injection (NP-pD-ZWCj ;) and 10 h post-injection (NP-pD-
ZWC 3 and NP-pD-PEG) (Fig. 6, Supporting Fig. 8). Most signals were cleared except for
the intestine by 56 h post-injection. A repeated experiment showed a similar trend except
that the difference of NP-pD-ZWCj ; from the other two was not significant (Supporting
Fig. 9).

The NIR imaging results show two notable differences from those of MR imaging. First, the
fluorescence signals of tumors declined more rapidly than the MR signals. Second, the
difference between NP-pD-ZWCs and NP-pD-PEG in fluorescence imaging is smaller than
that of MR imaging. These differences are attributable to differential stability of signal
tracers (10 vs. ICG) in circulating NPs. Given the encapsulation stability in 50% FBS (Fig.
4), the hydrophobic 10 nm 10 particles are likely to remain stable in NPs throughout the
observation period, whereas ICG molecules would release quickly in blood due to the small
size and hydrophilicity. Indeed, the fluorescence distribution followed the typical pattern of
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unencapsulated ICG distribution [33], where circulating ICG is taken up by the hepatocytes
and transported to the small intestine by biliary excretion [34, 35].

These results have an implication relevant to clinical translation of NP drug carriers. The
MR imaging shows that the NP accumulation can be improved by exploiting the acidity of
tumor microenvironment and the pH-sensitive reversal of NP surface charges as expected
from the cell studies. Despite the difference in NP distribution, all three NPs showed similar
dye distribution patterns reminiscent of free dye in NIR imaging. This observation indicates
that when the drug is not stably retained in NPs during circulation, only a minor fraction of
the total payload enjoys the benefit of the NPs and the majority faces the same fate as free
drugs. This may seem obvious given the results; however, the current practice of NP
evaluation does not necessarily help predict such outcomes. In general, drug (or dye) release
Kinetics is tested in buffers with little relevance to the protein-rich nature of blood [32]. Drug
or dye release in buffers is often much slower than in protein-rich medium and interpreted as
stable drug encapsulation [32]. In fact, if the ICG release kinetics had been examined in a
buffer with no added proteins, the results would have indicated stable retention of the dye
over 48 h (Supporting Fig. 10) and led us to expect differential distribution of ICG reflecting
the NP distribution patterns. Nevertheless, we find that drug and dye releases are
significantly affected by the protein content in the medium. Several other /in vivo events
(e.g., protein corona formation [36]) can also lead to suboptimal clinical outcomes. Our
observation and other recent studies [37, 38] suggest that stable drug retention in NPs during
circulation is no less critical than any other issues. Given that the stability is the very first
challenge that NPs face /in vivo, it is worthwhile to make dedicated efforts to improve drug
encapsulation stability in circulating NPs and validate it through rigorous testing in future
NP development. Currently, various physical and chemical strategies are employed to
increase the stability and drug retention of NP carriers [39].

4. Conclusion

To overcome the dilemma of PEG-coated NPs, we produced pH-sensitive NPs by modifying
the surface of PLGA NPs with a chitosan derivative called ZWC. The ZWC-coated NPs
showed different surface charge profile according to the pH, which allowed them to interact
with cells in acidic pH and avoid the interaction at neutral pH. Similar to the /n vitro cell
interactions, the ZWC-coated NPs showed more persistent retention in tumors than PEG-
coated NPs, as demonstrated by MR imaging of animals treated with 10-embedded NPs.
However, fluorescence signals in tumors treated with ICG-loaded NPs declined more
quickly than those of MR imaging with less difference between ZWC- and PEG-coated NPs,
suggesting rapid ICG release in blood. For effective translation of the potential benefit of
ZWC-coated NPs, future efforts need to be made to improve the stability of drug
encapsulation in circulation and ensure the stability through rigorous testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a) Schematic diagram of surface-modified NPs. (b) TEM images of surface-modified

IO@NPs and ICG@NPs. Scale bars: 50 nm (top), 100 nm (bottom).
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Fig. 2.
(a) Confocal microscopic images of LS174T cells incubated with surface-modified Rho-NPs

at different pHs for 4 h. (b) Representative flow cytometry histograms of 4T1 cells incubated
with surface-modified Rho-NPs at different pHs for 4 h. (c) Fluorescence intensity of Rho-
NP-treated cells relative to untreated control cells (n=2—-3 independently prepared samples,
mean + standard deviation). (d) Zeta potential of surface-modified NPs at different pH (n=3
measurements of a representative set of samples, average * standard deviation). (e)
Relationship between the fluorescence intensity of NP-incubated cells (indicating the extent
of NP-cell interactions) and the zeta potential of NPs measured at different pHs (Pearson
correlation coefficient: 0.9507).
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Fig. 3.
Pharmacokinetics of NP-pD-PEG and NP-pD-ZWCO0.3 in health female Balb/c mice.
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Fig. 4.
Stability of IO@NPs and ICG@NPs in 50% FBS: (a) Representative TEM images of

IO@NPs after 4 day-incubation in 50% FBS. (b) ICG release from ICG@NPs in 50% FBS
over 24 h. n=3 identically prepared batches; average * standard deviation.
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Fig. 5.
(a) Representative T2-weighted MR images of LS174T tumors before and after the

treatment with surface-modified IO@NPs. Arrows indicate LS174T tumors. See Supporting
Fig. 6 for all five animals per treatment. (b) Signal enhancement at tumor site after injection
of IO@NPs in two different representations (n=5 mice per treatment; average + standard
deviation). Two graphs are different representations of the same data set: (left) time profile
of signal change; (right) comparison among NP types at each time point. *: p<0.05; **:
p<0.01 by Tukey’s multiple comparisons test.
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(a) Representative 1VIS images of LS174T tumor-bearing animals treated with surface-
modified ICG@NPs. See Supporting Fig. 8 for all three animals per treatment. (b) Radiant
efficiency of tumor area (marked as dotted line in a) relative to the skin of the shoulder front
at each time point in two different representations (n=3 per treatment; average + standard
deviation). Two graphs are different representations of the same data set: (left) time profile
of signal change; (right) comparison among NP types at each time point. *: p<0.05; ***:
p<0.001 by Tukey’s multiple comparisons test.
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Particle size of the surface-modified NPs

Table 1

Sample Name

Z-Average (d, nm)

Polydispersity index (P1)2

242.7£7.3 (n=4)¢

AU@NPs | AU@NP-pD-ZWCos | 2601 +5.00 0.067 +0.027
Au@NP-pD-PEG 228.4 +3.50 0.079 + 0.045

I0@NPs | 10@NP 2232 0.081
IO@NP-pD-ZWCo1 | 286.4+ 16,7 (n=3)¢ | 0-127%0.035
IO@NP-pD-ZWCo3 | 2446+ 8.0 (n=3)¢ | 0.086%0.006
IO@NP-pD-PEG 2187441 (n=3)¢ | 0.127+0.067

ICG@NPs | ICG@NP 2050463 (n=2)¢ | 0.082+0.033
ICG@NP-pD-ZWCo1 | 287.9+ 14.4 (n=4)C | 0145+ 0.033
ICG@NP-pD-ZWCo3 | 2714 +12.7 (n=4)C | 0.103+0.025
ICG@NP-pD-PEG 0.077 +0.039

Page 21

aPI, an estimate of the width of the particle size distribution, obtained from the cumulant analysis as described in the International Standard on DLS
1SO 13321:1996 and 1SO 22412:2008 (Malvern DLS technical note MRK1764-01). Pl < 0.1 is considered monodisperse, and >0.7 very broad [22,

23].

b - .
Mean + standard deviation of 3 measurements of a representative batch.

cMean + standard deviation of identically and independently prepared batches.
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