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Abstract

Treatment of tuberculosis is impaired by poor drug bioavailability, systemic side effects, patient
non-compliance, and pathogen resistance to existing therapies. The mannose receptor (MR) is
known to be involved in the recognition and internalization of Mycobacterium tuberculosis. We
present a new assembly process to produce nanocarriers with variable surface densities of
mannose targeting ligands in a single step, using kinetically-controlled, block copolymer-directed
assembly. Nanocarrier association with murine macrophage J774 cells expressing the MR is
examined as a function of incubation time and temperature, nanocarrier size, dose, and PEG
corona properties. Amphiphilic diblock copolymers are prepared with terminal hydroxyl,
methoxy, or mannoside functionality and incorporated into nanocarrier formulations at specific
ratios by Flash NanoPrecipitation. Association of nanocarriers protected by a hydroxyl-terminated
PEG corona with J774 cells is size dependent, while nanocarriers with methoxy-terminated PEG
coronas do not associate with cells, regardless of size. Specific targeting of the MR is investigated
using nanocarriers having 0-75% mannoside-terminated PEG chains in the PEG corona. This is a
wider range of mannose densities than has been previously studied. Maximum nanocarrier
association is attained with 9% mannoside-terminated PEG chains, increasing uptake more than 3-
fold compared to non-targeted nanocarriers with a 5 kg mol~1 methoxy-terminated PEG corona.
While a 5 kg mol~1 methoxy-terminated PEG corona prevents non-specific uptake, a 1.8 kg mol=%
methoxy-terminated PEG corona does not sufficiently protect the nanocarriers from nonspecific
association. There is continuous uptake of MR-targeted nanocarriers at 37°C, but a saturation of
association at 4°C. The majority of targeted nanocarriers associate with J774E cells are
internalized at 37°C and uptake is receptor-dependent, diminishing with competitive inhibition by
dextran. This characterization of nanocarrier uptake and targeting provides promise for optimizing
drug delivery to macrophages for TB treatment and establishes a general route for optimizing
targeted formulations of nanocarriers for specific delivery at targeted sites.
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1. Introduction

Tuberculosis (TB) is an intracellular infection which affects 1 in 3 people worldwide and
causes over 1 million deaths yearly [1]. During TB infection, Mycobacterium tuberculosis
(M. tuberculosis) bacilli are phagocytized by host immune cells and the normal enzymatic
digestion process is arrested [2], which allows the bacteria to replicate within the host cells
[3]. Treatment of the infection is hindered by poor drug permeability, solubility, or
biodegradation [4, 5] and the increasing threat of multiple drug resistant TB (MDR-TB) has
led to a search for improved therapeutics [1]. One approach has been to improve drug
localization at the infection site through active targeting with ligands specific for the
diseased tissue [6]. In TB infection, the pattern-recognition mannose receptor (MR) binds to
mannose caps on the M. tuberculosis coat protein, lipoarabinomannan, and also mediates
phagocytosis [2, 7]. Therefore, designing nanocarriers (NCs) which target drug payloads to
cells expressing MR can improve the co-localization of anti-TB drugs with infected cells.

MR-targeted liposomal systems have been studied as therapeutics [8-10] and adjuvants [11].
While liposomes are effective for the delivery of hydrophilic therapeutics, their small
hydrophobic volumes make them ineffective for the delivery of hydrophobic actives.
Polymeric NCs composed of a drug core stabilized by amphiphilic diblock copolymers can
be formed at high drug loadings by Flash NanoPrecipitation (FNP) [12] and are effective
candidates for formulating novel hydrophobic TB therapeutics [13, 14]. In addition,
targeting functionality can be incorporated into the stabilizing block copolymers [15, 16].
The success of a targeted formulation is dependent on targeting a pathway specific to the
disease pathology. Macrophages, dendritic cells, and other cells of the immune system
specifically express surface carbohydrate binding proteins, referred to as lectins, which are
involved in the phagocytosis of several intracellular pathogens, including M. tuberculosis
[17]. Classes of lectins recognize common motifs, but ligand specificity between different
receptors is determined by the orientation of the carbohydrate binding domain. The MR,
which belongs to this class of surface receptors, is a macrophage transmembrane protein
possessing multiple carbohydrate binding sites. Binding of terminal mannose and fucose
moieties is favored by the MR and the sugar density on ligands is crucial for high affinity
binding [18, 19], but receptor oligomerization is not required for internalization [19, 20].
Since M. tuberculosis uptake is mediated by the MR, we target antitubercular drugs to the
MR viaterminal mannoside moieties on NC surfaces, in a way that mimics
lipoarabinomannan coating of TB bacilli.

Studies have been published that demonstrate improved uptake of various mannosylated
NCs relative to non-targeted formulations, including liposomes [8, 11, 21, 22], gelatin
nanoparticles [23], and oil in water emulsions [24]. The binding and internalization of NCs
by a MR mediated pathway is influenced by the relative ligand surface density [8, 9, 24, 25]
and the length of the PEG spacer between mannoside and the particle surface [26]. Prior
reports for liposomes indicate increasing cellular association with increasing mannoside
surface density, but the surface densities explored in these studies were limited to 30 and
60% [8], or 2.5%, 5%, and 7.5% [9, 24]. The phagocytosis of PEGylated 5 um microspheres
by macrophages /n vitro was increased only at 34 and 45% mannosylated PEG chains,
relative to 100% methoxy-terminated PEG chains, which were the highest compositions
tested [25]. In these reports, the number of mannose moieties is not reported, and so a direct
comparison of the ligand surface density cannot be made. There have not been reports of a
polymeric NC system in which surface mannosylation is controlled to find the optimal NC
composition to maximize cellular association viathe MR. Recent studies have
systematically explored the importance of ligand surface density on NC association with cell
surface receptors, and results indicate that binding and uptake do not increase monotonically
with increasing surface ligand density. It has been found that there exists an optimum
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surface density for binding and uptake of NCs which have been modified with peptide [27]
and folate [28-30] targeting ligands.

In this work, we formulate and characterize MR targeted NCs in order to optimize
association with macrophages expressing the MR. PEGylated NCs with 7 different ligand
surface densities and 2 different methoxy-terminated PEG molecular weights are prepared
by rapid precipitation and directed assembly of amphiphilic diblock copolymers in FNP. The
FNP process enables the assembly of functional NCs with variable surface properties in a
quantitative and efficient manner. The association with macrophages /n vitrois then
characterized as a function of incubation time and temperature, NC size, dose dependence,
and polymer structure. In these experiments we use the murine macrophage J774 cell line,
which was chosen since it has been extensively studied [31-33], multiple clones have been
isolated [34] with quantified mannose receptor expression [33], and it has been used in
previous studies of NC uptake [23, 35-38]. We obtain two J774 clones: the J774E clone
which over-expresses the mannose receptor (98,200 binding sites per cell in suspension),
and the J774A.1 clone which has approximately half the number of receptors [33]. The
J774A.1 clone has been previously used to study nanocarrier interactions with cells in vitro
and for /n vitro TB models, and we find the cellular association of PEG protected NCs with
a single methoxy or hydroxyl terminal group on PEG demonstrates an unexpected
sensitivity to the terminal group and NC size. With the J774E clone, we show that targeting
the MR triples NC uptake relative to the methoxy-terminated PEGylated NCs. We present
the first results indicating that uptake of mannoside functionalized NCs by macrophages
does not saturate with increasing mannose functionalization, but has a relatively sharp
maximum. These findings have significant implications for enhanced localization of
therapeutic TB drugs.

2. Materials and methods

2.1. Materials

Tetrahydrofuran (THF, 99.9%), dichloromethane (DCM, 99.5%), dimethylsulfoxide
(DMSO0), hexane, ethyl acetate, anhydrous ethyl ether (ether) and sodium bicarbonate were
purchased through Fisher Scientific (Pittsburgh, PA). Vitamin E (VE, 97%) and dextran
(Mw=60-80 kg mol~1) were purchased from Sigma-Aldrich (St. Louis, MO). Anhydrous
magnesium sulfate (MgSO,) was from EMD Chemicals INC (Gibbstown, NJ). Prior to use,
water was purified by 0.2 wm filtration and four stage deionization to a resistivity of 17.8
MQ or greater (NANOpure Diamond, Barnstead International. Dubuque, IA). The block
copolymers are designated:“XXX,PEG Y'Y, where XXX designates the hydrophobic
block type, m is the Mw of the hydrophobic block in g mol™1, 77is the Mw of the PEG block
in g mol~1, and YY is the terminal group on PEG (methoxy: OCHg3, hydroxyl: OH,
mannoside: MAN). Poly-o,.-lactide- &-polyethylene glycol (PLA3 gk-6-PEGs-OCH3) was
kindly provided by Evonik, Inc. (Birmingham, AL). PS; gk-6-PEG1 gx-OH was purchased
from Polymer Source (Dorval, QC, CAN) and the synthesis of PSq si-6-PEGsK-OH has been
reported previously [39]. For the latter polymer, prior to polymerization of PEG, a fraction
of the PS; 5¢-OH was set aside and used as a hydrophaobic filler in the NC formulations.
J774A.1 murine macrophages were obtained from the American Type Culture Collection
(ATCC. Manassas, VA); J774E cells were provided by Dr. Philip Stahl (Washington
University. St. Louis, MO). Dulbecco’s modified Eagle medium (high-glucose with sodium
pyruvate and (-glutamine), fetal bovine serum (FBS), and penicillin-streptomycin
(Penicillin-5,000 IU mL™1, Streptomycin-5 mg mL~1) were from Fisher Scientific.
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2.2. Conjugation to form PSq s5k-b-PEG5-MAN (5) [40]

The syntheses of precursor compounds 1-4 and the TBTA catalyst are detailed in the
Supplemental Information (SI). 3 (0.138 g) and 4 (0.5 g) were dissolved in 26 mL of
degassed anhydrous THF. TBTA (0.0035 g) and CuBr (catalytic, Alfa Aesar. Ward Hill,
MA) were dissolved in 15 mL of dry THF and transferred to the solution of 3 and 4. The
reaction was stirred for 2 days and was then dialyzed (regenerated cellulose, MWCO: 3.5
kD, Spectra/Por) against THF (350 mL x 3) for 1 d followed by dialysis in DI H,O (2 L x 4)
for 2.5 d. The product was dried by lyophilization and 0.13 g was recovered (Yield: 24 %).

2.3. Synthesis of PS;,-b-PEG,-OCHg3 (6)

This procedure was based on Aoyama et al. [41], and details on the adaptation are available
in the SI. Psm-b-PEG,rOH (0.147mmo|, P31_5k-b-PEG5k-OH or PSllﬁk-b-PEGllgk-OH)
was dissolved in 19.75 mL DCM and cooled in an ice bath. After adding aqueous
trifluoroboric acid (0.025 mL, 48%, Alfa Aesar), 0.88 mL of trimethyl silyldiazomethane
(2M in Hexane, TMSCHN,, Alfa Aesar) was added dropwise over 4 min. In subsequent 20
min intervals, 0.44 mL, 0.22 mL, and 0.22 mL of TMSCHN, were added and gas was
evolved. The mixture was stirred overnight at 4°C. The reaction solution was extracted once
with 20 mL brine, the organic phase was dried over MgSO, and concentrated to 3 mL. The
polymer was precipitated in ether, chilled by dry ice, and isolated by centrifugation (15 min,
1000 x g, 4°C). The end group conversion was determined by NMR analysis (see Sl, S.3.3).

2.4. Nanocarrier formulation

A multi inlet vortex mixer (MIVM) geometry [12, 42] was used to prepare Formulation 1.1
(Table 1) at high supersaturation with mixing times on the order of 1.5 ms (SI, Fig. S.6a). In
this mixing scheme, a THF stream containing a solution of PSy 5,-OH (7.5 mg mL™1),
EtTP5 (2.5 mg mL™1), and PSy 5-6-PEGs,-OH (10 mg mL™1), was fed into the MIVM by a
digitally controlled syringe pump (Harvard Apparatus, PHD 2000 programmable, Holliston,
MA\) at 12 mL min~1, and was mixed against 3 streams of water at a combined flow rate of
108 mL min~L.

Small scale (10 mL) NC formulations with variable sizes or mannose surface densities were
prepared using a confined impinging jets (C1J) mixer (SI, Fig. S.6b) which has been shown
to have robust mixing while enabling formulation on a smaller scale than in the MIVM [43].
Formulations 1.2-1.7 in Table 1 and formulations 2.1-2.14 in Table 2 were prepared using
the CIJ mixer. A 1 mL THF solution with the dissolved NC components, detailed in Tables
1 and 2, was loaded into a plastic syringe (5 mL Norm-Ject®) and mixed against 1 mL of DI
water. Both syringes were driven manually, and the mixed stream was collected in 8 mL of
stirred water. The syringes were emptied at the same rate and in less than 2 s to produce a
mixing Reynolds number of Re~1300 [12].

NC size in Formulations 1.2-1.7 (Table 1) was controlled by the amount of the filler used.
Particle sizes from 62 nm to 204 nm, with various surface functionalities were prepared.
EtTP5 was included in all formulations to facilitate quantitation of the NCs by a florescence
assay. EtTP5 is a hydrophobic fluorescent compound originally developed for use in organic
light emitting diodes, and designed to minimize aggregation-induced quenching [44]. In
Table 2, the ratio of stabilizing polymers was set to control the percent of mannosylated
surfalce chains, and the total number of moles of stabilizer was constant at 1.5x1076 mol
mL™-.

After FNP, THF was removed from the NC suspensions by dialysis using a Spectra/Por®
regenerated cellulose dialysis membrane with a molecular weight cut off (MWCO) of 6-8
kD against 1 L of water at room temperature, which was refreshed 4 times over 24 hours.
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Dynamic light scattering (DLS) was used to determine the intensity weighted particle size
distribution (PSD) and intensity average particle diameter for each NC suspension. Each NC
suspension was diluted in water until translucent and the size was measured using a
ZetaSizer Nano ZS (Malvern Instruments. Worcestershire, U.K.).

2.5. Cell culture experiments

J774A.1 and J774E mouse macrophages were cultured in DMEM, supplemented with 3.6 g
L~1 sodium bicarbonate, 10% FBS, penicillin (50 1U mL™1) and streptomycin (50 pg mL™1)
(hereafter referred to as 1X Media), at 37°C and 5% CO». For experiments, 2X Media was
prepared (1 g of powdered DMEM, 3.6 g sodium bicarbonate and 500 mL water), sterile
filtered, and supplemented with 20% FBS. For NC association experiments, J774A.1 and
J774E cells were inoculated into 24 well dishes (8x10° cells mL™1 well™1). After 24 h
incubation, the media containing unattached cells was removed, and the cells were re-fed
with culture media containing NC suspensions. Media for experiments was prepared by
mixing equal volumes of aqueous NC suspensions and 2X Media, followed by further
dilution with 1X Media, to achieve the target concentrations of NCs. The concentration of
NC core material, ¢,y is the sum of EtTP5 dye concentration, cgs7ps and filler, ¢y,
(where the filler is VE or PSy 5,-OH), and ¢.p=100 g mL™1 in all trials, unless stated
otherwise. All /n vitro experiments were carried out with 10% FBS.

2.6. Quantifying NC uptake

Uptake of NC was quantified by solubilizing the hydrophobic dye encapsulated in the NC
core to extract it from the lysed cell debris. The dissolved dye was then quantified by
fluorescence spectroscopy. After incubating the cells with the NCs, the media was removed
and the cells washed 3X with HBSS to remove unassociated NCs. The cells were then lysed
in 1 mL of 0.1% (w/v) Triton X-100 (Sigma Aldrich) for 45 min in the dark. The lysates
were frozen in 2 mL microcentrifuge tubes (Fisher) on dry ice prior to lyophilization in a
VirTis AdVantage 2.0 BenchTop Freeze Dryer (Gardiner, NY) for 24 h at room temperature
and < 30 mtorr. THF was added to the dried powders to dissolve the NCs which had
associated with the cells. The mixture was centrifuged at 7000xg for 10 min to settle the
insoluble cellular material. The fluorescence of the transparent supernatant was measured
using a Hitachi F-7000 Fluorescence Spectrophotometer (Hitachi High-Technologies
Corporation), with an excitation wavelength of 485 nm. The peak value in the fluorescence
emission spectrum at 632 nm was used to quantify the EtTP5 mass associated with cells in
each well, mgs7ps, using a fluorescence correlation. Control wells incubated without NCs
had baseline fluorescence values. Using the measured value for mg7ps for each sample, the
total NC core mass associated with the cells, /7.,,. Was calculated from the ratio of
concentrations of EtTP5, to total core mass in the NC, based on Table 1 and 2: (mg7pd
Meore)=(CerTPd CErTR5t Criffer) - The mass of the core associated with the cells, m.5/. Was
normalized by area of the confluent cell monolayer.

2.7. Confocal imaging

Cells were plated onto 4 chamber glass slides (2.5x10° cells mL™1 in 0.5 mL 1X Media).
After 24 h incubation, the media was replaced with NC dilutions in 1X media, prepared as
described above, After various incubation times, the media was removed, the cells washed
3X with HBSS and fixed in 0.5 mL of 3.7% paraformaldehyde in PBS. After 1 h, the slides
were rinsed with PBS, stained with DAPI in Mcllvains Buffer (0.1 M citric acid, 0.2 M
NayHPOy, pH = 7), and rinsed again with PBS. Cells were then examined using a Leica
TCS SP5 with a HCX PL APO 63.0x1.30 glycerin objective lens at 60X magnification.
DAPI stain was imaged by excitation with 405 nm diode laser and an emission band from
401-443 nm. The EtTP5 fluorescent dye in the core of the NCs was excited with an argon
lamp and the emission from 600-725 nm was collected.
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3. Results

3.1. Nanocarrier association dependence on time, temperature, and dose

NCs with average diameters of 115 nm stabilized by PSq 5x-6-PEGs,-OH block copolymers
(Formulation 1.1, Fig. 2 inset) were used to determine the time profiles for NC association
with J774A.1 and J774E cells at 37°C and 4°C, to evaluate the kinetics of association, and
the effects of NC dose. The results are reported in the Sl (Section S.5, Figs. S.7-S.8).

3.2. Nanocarrier association dependence on size and terminal PEG group

PS1 5k-PEG5-OH and PLA3 gi--PEGs,-OCH3 were used as stabilizing polymers in
Formulations 1.2-1.4 and 1.5-1.7, to assess the importance of methoxy versus hydroxyl
termination of the PEG. Hubbell, et a/., reported that 25 nm microgel particles accumulate in
dendritic cells with hydroxyl-terminated PEG layers, but not those with methoxy-terminated
PEG [45]. Although the chemistry and structure of these particles are very different from
those presented here, the dependence on PEG termination is similar. The particle size
distributions, measured by DLS, for NCs stabilized by PS; gx-6-PEGg,-OH and PLAg3 gk-&-
PEGsK-OCHg are plotted in Fig. 1a and 1b, which show monomodal and narrow particle
size distributions. Increasing the ratio of core to stabilizer resulted in increased average
particle diameter, as tabulated in Table 1.

Cell association experiments with these six NC formulations were performed with J774A.1
cells at 4°C for 2 h at a NC concentration of 50 g mL™1. The NC mass associated with the
cells after the incubation period is plotted for each formulation in Fig. 1c. Low levels of
association were observed for all of the NCs with methoxy-terminated PEG chains, as
shown for all formulations stabilized by PLAg3 gk-6-PEGs,-OCHs. The methoxy terminal
group creates “stealth” NCs. In contrast, association of NCs stabilized by PSy 5-6-PEGg-
OH increases with NC size. In this experiment, the 0.053+0.0093 g cm™2 association of
the 105 nm NCs (Formulation 1.3) with a core of VE, at a dose of 50 pg mL™1 (Fig. 1c) is
not statistically different (p=0.2) from the 0.031+0.0023 g cm™2 association which was
found for 115 nm NCs (Formulation 1.1) with a core of PSy 5,-OH at a dose of 62 ug mL™1
at 4°C (SI, Fig. S.7). Both formulations are stabilized by PS4 5x-6-PEG5,-OH, indicating
that the particle size and particle surface determine the extent of association. Our earlier
studies have shown that the PS4 5,-6-PEG5,-OH chains are densely packed, with a surface
density of ~2 nm?2 per chain [46]; therefore, the core is sufficiently shielded by the PEG
layer and is not a significant factor in the binding/uptake results.

3.3. Mannose targeting for uptake by macrophages

Since there was no significant association for PLA3 gi-6-PEGsK-OCHy3 stabilized particles
(Fig. 1c), methoxy-terminated polymers were synthesized for the “non-functional” polymer
in targeted NC formulations. Beginning with PS; 5y-6-PEGs-OH, the terminal hydroxyl
group was modified to either -MAN or -OCHj3 according to Scheme S.1 in the SI. A series
of NC formulations were then produced with varying mannoside surface density by
changing the relative amounts of PSy 5-6-PEGg,-MAN and PS - 4-PEG,-OCH3 polymers
in the NC formulation (Table 2). Formulations 2.1-2.7 in Table 2 are made with PSq gy-6-
PEGs5,-OCHg3 and PSq 5-6-PEGs,-MAN so that the corona of each particle is composed of
PEG chains of equal length (5 kg mol~1) but with varying numbers of mannose-terminated
PEG (Fig. 2a). In contrast, NC formulations 2.8-2.14 are made with PSq gx-6-PEG1 gk-
OCHg3 and PSy 5¢-6-PEGs-MAN as the stabilizing polymers, such that the steric PEG
corona is composed of short methoxy-terminated PEG chains (1.8 kg mol~1),whereas the
targeting mannose groups are presented on longer (5 kg mol~1) PEG chains. (Fig. 2b). The
goal was to see if presentation of the targeting group beyond the brush layer of the methoxy
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stabilizing PEG polymer layer would enhance uptake. Within each series, the total number
of moles of polymer is held constant.

The extent of NC association with J774E cells at 37°C, in the presence of serum, after 4 h,
as a function of the fraction of PSy 5,-6-PEGs,-MAN in the formulation is shown in Fig. 2.
When the corona was composed of all PEGsy, there was a monotonic, 3.2-fold increase in
NC association as the percentage of mannose conjugated chains increased from 0 to 9%.
Beyond this, the amount of NC association decreases. The data at 0% mannose represents
the purely sterically stabilized NCs. For non-targeted NCs with only methoxy-terminated
PEG steric layers, the higher molecular weight 5 kg mol~1 PEG-OCH3 chains were more
effective at inhibiting uptake than the 1.8 kg mol~1 PEG-OCHs. When the stabilizing PEG
layer was 100% PS; gx-0-PEG1 gk-OCHg, there was a 2.4-fold increase in NC association
relative to particles with a PS4 5-6-PEG5,-OCHg corona. This is consistent with previous
studies that have shown that 5 kg mol~! PEG chains are superior to 2 kg mol~1 chains in
sterically protecting stealth liposomes [47, 48]. At 4% and greater, the association for NCs
stabilized by PSq 5x-6-PEGs5-OCH3 or PSq gk-6-PEG; g-OCHys is indistinguishable.
Presumably the mannose ligands dominate the targeting response both in increasing and
then blocking uptake.

Formulation 2.4 had the optimal mannose surface density at 9% PS; sx-6-PEGs-MAN, with
PS1 s5k-6-PEGs5,-OCH3 as the stabilizing non-functional polymer. The association of this
formulation was measured as a function of time at both 37°C and 4°C with J774E cells and
was quantified by lysing the cells and solubilizing the dye (Fig. 3a). In addition to washing
and lysing cells for quantification of NC association, cell samples on glass slides were fixed
at each time point and prepared for confocal imaging (Fig. 3b-d). The quantitative results in
Fig. 3a are in agreement with the results for Formulation 1.1 in Sl Fig. S.8, where cells
exposed to NCs at 4°C reach a relatively low, steady state amount of association, while
association continues to increase with time in the cells incubated at 37°C. Confocal imaging
of cells incubated with NCs at 4°C shows very little EtTP5 fluorescence, and no
fluorescence in the cytosol, after 3 h of incubation with the NCs (Fig. 3c), similar to control
cells which were not incubated with NCs (Fig. 3b). In contrast, the cells fluoresce strongly
after incubation at 37°C for 3h in Fig. 3d, which is a representative z-slice through the
middle of cells fixed at this condition. This image also shows the localization of NCs. The
distribution of fluorescence in the cells is varied, with concentrated regions of fluorescence
larger than 1 pum as well as pixel sized spots distributed throughout the cells. The NCs may
be localized in organelles after internalization. NCs are not seen to penetrate the cell nuclei.

3.4. Inhibition of mannose receptor

To determine if internalization of mannose-targeted NCs was specifically mediated by the
mannose receptor, uptake experiments in the presence of a competitive inhibitor were
carried out. The MR has a higher affinity for polysaccharides than free monosaccharides due
to the multiplicity of binding sites, and binding of dextran and mannan have been
established [19, 49]. For inhibition experiments, J774E cells were pre-incubated at 37°C
with 1 mg mL~1 dextran (Mu=60-80 kg mol~1) for 45 min before the addition of NCs
stabilized by 9% P81_5k-b-PEG5k-MAN, PSl_5k-b-PEG5k-OH, or PSl_5k-b-PEG5k-OCH3
(Formulations 2.4, 1.1, and 2.1, respectively) suspended in media with 1 mg mL~1 dextran.
The same NC formulations without dextran were incubated with cells that were not pre-
treated with dextran. The experiment duration was 4 h at 37°C. The presence of dextran
resulted in a 59% decrease (p=0.02) in the association of the optimal MR-targeted
formulation in J774E cells (Formulation 2.4) (Fig. 4). In contrast, addition of dextran did not
significantly affect uptake of NCs stabilized by PSq s5x-6-PEGs,-OH. Low uptake levels of
PS1 5k-6-PEGs5,-OCH3 stabilized NCs were consistently observed.
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4. Discussion

The macrophage MR is responsible for receptor-mediated endocytosis and phagocytosis,
and is specific to macrophages and macrophage-like cells [18]. Targeting the mannose
receptor is appropriate for treatment of TB since M. fuberculosis entry to macrophages is
achieved via MR-mediated phagocytosis. It is therefore more likely that intracellular co-
localization of the bacteria and the NCs will occur. The primary goal of this research was to
explore formulation of drug NCs by FNP and optimize internalization by cells viaa specific
MR-mediated pathwayAdherent cells were incubated with NCs, then washed and lysed so
that the total mass associated with the cells could be quantified using extraction of the
hydrophobic EtTP5 fluorophore and independent fluorescence analysis. The known mass
ratio of fluorophore to total NC was used to calculate total core uptake according to the
equation in Section 2.6. The total core uptake is reported since this corresponds to the drug
payload that would be delivered for a therapeutic NC. NC association refers to both surface
binding and internalization.

4.1 Nanocarrier association

NCs were incubated with a monolayer of either J774A.1 or J774E cells at 4°C and 37°C to
assess the extent of surface association versus internalization and the effect of NC dose. The
association kinetics and dose dependence are presented in SI Section S.5. The J774A.1 cells
are used to investigate the size dependence of NC association [37], while targeting of the
MR by NCs is conducted using the J774E cells, which over express the MR [38]. At 4°C,
there was an insignificant difference in the amount of association of PEGs,-OH coated NCs
(Formulation 1.1), which reached 0.90+0.01 g cm™2 on J774A.1 cells in 1 h, and 0.95+0.01
g cm=2in 1 h with J774E cells (S, Fig. S.7). After a 4 h exposure with J774E at 4°C, the
association of the same NC formulation was independent of dose above 90 g mL™1 (S,
Fig. S.8) and the limit of 0.09+0.02 g cm~2 corresponded to those in SI Fig. S.7. In both of
these experiments, surface adsorption equilibrates, but only corresponds to 6% surface
coverage (approximating the macrophage to be a dome with a height of 6 wm and a diameter
of 25 wm). Therefore, the equilibrium value of NC association at 4°C does not correspond to
total surface coverage. In contrast to the binding equilibrium at 4°C, cellular association
increases monotonically with time at 37°C (SI, Fig. S.7) and in a dose dependent manner
(S, Fig. S.8). Confocal images of J774E cells confirmed that polymeric NCs formed by
FNP are internalized by the macrophages at 37°C and confirm low levels of association at
4°C where no internalization was observed (Fig. 3c, d). Taken together, these results
confirm that surface binding is thermodynamically limited at 4°C and that NCs are
kinetically internalized at 37°C.

In many targeting studies reported in the literature, PEGylated nanocarriers without
targeting ligands are used as a negative control to gage the contribution of the targeting
ligands on binding and internalization. The terminal group on PEG depends on the synthesis
route employed to form the polymer. We find that the terminal group on PEG chains plays
an important role in determining the interaction with a cell monolayer. There is minimal
association when a methoxy-terminated PEG chain stabilizes the particles, regardless of
particle size, while there is a size dependence for NC association when PEG is terminated by
a hydroxy!l group (Fig. 1c). The low level of association in Fig. 2 for Formulation 2.6, which
is stabilized by PS; sx-6-PEGs,-OCHg confirms that it is the terminal methoxy group on
PEG which reduces the interaction with macrophages relative to the PSy 5,-6-PEG5,-OH
(Fig. 1c), and not the particular hydrophobic block type. Hubbell observed a similar size
effect for NCs stabilized by Pluronic® F127, which has two terminal PEG chains with
hydroxyl end groups on each triblock chain, where 25 nm NCs were not taken up by
adherent J774A.1 cells, but 100 nm NCs were [37]. The implications of this result are

J Control Release. Author manuscript; available in PMC 2014 May 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

D’Addio et al.

Page 9

important in proceeding with developing targeted nanocarrier formulations. The low, size-
independent association of NCs stabilized by PEG5,-OCHj3 reveals that the surface is
passivated, while the size dependent association of PEGs,-OH stabilized NCs are not and
thus not appropriate for isolating the effects of ligand surface density on binding.

Two main conclusions come from the PS4 5,-6-PEGs-OH stabilized nanoparticle uptake
result: 1) The hydroxyl terminus is required for binding to the surface and internalization by
a non-MR specific uptake mechanism, and 2) Larger particles have an higher capacity for
binding multiple receptors since they present a larger contact area between the NC surface
and the macrophage surface. The first point has been previously reported by Hubbell [45],
who showed that there is uptake of PEG-OH microgel particles which is suppressed when
the terminal groups were PEG-OCHs. The second point can be made by calculating the
contact area between spheres with diameters of 60, 100, or 200 nm and a planar surface,
representing the large macrophage cell surface, at a separation distance of 5.3 nm, which
corresponds to the radius of gyration of a 5 kg mol~1 PEG chain (Fig. 5). The contact area,
A, is calculated by determining the chord length, ¢;, for each sphere in contact with the
planar surface, assuming complete compression or displacement of the PEG brush at the
point of contact. This contact area increases proportionately to the measured NC association
with the cells at 4°C. Since the size dependence of NC binding to a cell surface emerges
from the increased contact area, the PEGs,-OH brush layer is not an appropriate passivating
surface for specific targeting studies..

4.2. Nanocarrier targeting and optimized binding and uptake to the mannose receptor

The optimization of NCs for targeting is addressed in Figs. 2-4. At 0% mannose
functionalization (Fig. 2, Formulation 2.1 in Table 2) we find that the PSq 5x-6-PEGsy-
OCHjs stabilizer with a 5 kg mol~! PEG-OCHj3 corona minimizes association with the cell
surface. The 1.6 kg mol~1 PEG-OCHj5 corona formed by PS; gx-#-PEG g-OCH3
(Formulation 2.7 in Table 2) is only half as effective at minimizing association, where the
association values are 0.16 pg/cm? and 0.07 wg/cm? for the 1.8 kg mol= versus 5 kg mol 1,
respectively. As was noted earlier, this is consistent with data for liposomes and for our NCs
[46], where 5 kg mol~1 PEG provides better protection from clearance than does 2 kg mol~1
PEG. The most significant finding is that there is a sharp optimum in mannose density for
maximum targeting. For the PS4 5i-6-PEG5,-OCH3 stabilized NCs, cellular association
increases with increasing content of PS4 5-6-PEG5,-MAN from 0 to 9%, due to improved
binding by multivalent interactions with surface mannose receptors. The sharp increase in
uptake at this mannose surface density indicates that there is an ideal targeting structure for
binding to the macrophage mannose receptor, which shifts binding equilibrium to maximize
the fraction of NCs bound to the cell surface and eligible for uptake. Additionally, the
macrophage mannose receptor internalizes ligands most effectively with multivalent binding
since high affinity binding and uptake requires participation of more than one of the
receptor’s eight carbohydrate binding locations [49]. However, mannose surface density
greater than 9% is detrimental to uptake. The exact cause is unclear at this time, but it is
possible that binding of too many receptors results in overstimulation of the intracellular
signal pathways mediating endocytosis or increases membrane rigidity due to multivalent
receptor aggregation [45]. The result shows that rather than an increase in binding and
saturation, there is an optimum. As was noted, similar optimum values in ligand density for
targeting have been observed for folate targeting. The ease with which FNP can create a
library of NCs with varying ligand density, by merely controlling the relative concentrations
of polymers in the FNP assembly process, is a major advantage of this technique. It enables
preparation of samples to address fundamental questions in targeting and delivery.
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The second major finding for the design of targeted NCs concerns the presentation of the
targeting ligand relative to the steric stabilizing PEG layer. It was hypothesized that the
greater polymer flexibility and mannose availability for PS; 5x-6-PEGs-MAN chains which
extend beyond the PSq g-6-PEG  gx-OCH3 corona would enable greater targeting
efficiency. The relatively small mannose might have been less available for binding if it is
buried in the 5 kg mol~! PEG corona with all of the PEG chains being 5 kg mol~1. At low
fractions of PSq 5i-6-PEGs-MAN, the poorer surface protection from the PEG; gx-OCHs,
yielding greater association, but this effect decreases as the steric layer is increased by the
presence of more PEGs,-MAN chains. At a sufficiently high fraction of PS; g-6-PEGsy-
MAN (4%, Formulation 2.10), the particle is well protected against nonspecific association
and NC association proceeds in a specific receptor mediated pathway. We find that the
optimum uptake occurs at the same mannose densities for the 1.8 kg mol~1 and 5 kg mol~2
PEG coronas. Furthermore, the level of uptake for all higher mannose densities is the same
(p<0.1) regardless of PEG corona molecular weight. To confirm that NCs are being
internalized by the mannose receptor, confocal imaging was performed to determine NC
localization, and blocking experiments were performed to show specificity. In Fig. 3a, for
Formulation 2.4, there is a 4-fold greater extent of association at 37°C than at 4°C after 3h,
and confocal sectioning shows that the majority of the NC fluorescence is in the cell cytosol
(Fig. 3d). Inhibiting internalization v/athe mannose receptor with dextran, we find that a
major fraction of Formulation 2.4 is internalized via MR-dependent pathway, confirming
that specificity has been achieved (Fig. 4). In contrast, the association of Formulation 1.1 is
unaffected, confirming that this formulation is internalized via another route, which is not
specific to the mannose receptor.

MR-targeted NCs thus provide significantly increased specific uptake compared to their
non-functionalized counterparts. It is important to note that this approach has been designed
with non-interacting methoxy-terminated PEG to investigate the general principle of
specific, optimized cell targeting, applicable to cell types other than macrophages. /n vitro
macrophage uptake is greatest when NCs are formulated with hydroxyl-terminated polymers
(Fig. 4), although the hydroxyl-terminated polymers may reduce targeting specificity to
macrophages /n vivo.

5. Conclusions

The binding and internalization of targeted polymeric NCs formulated by block copolymer-
directed rapid precipitation (Flash NanoPrecipitaiton) was characterized /n vitro with
macrophage-like J774, cells. The binding and uptake depends sensitively on the density of
targeting mannose groups and the PEG chain providing steric stabilization of the NCs. The
terminal group on PEG chains forming the NC corona is critical in determining the fate of
particles: while a hydroxyl-terminated PEG chain presents a surface which associates with
the cells in a size-dependent manner, a methoxy-terminated PEG chain evades recognition
and, thus, presents a truly passivated surface. Mannoside-terminated PEG chains in a
methoxy-terminated PEG corona increase the extent of NC binding and internalization by a
mannose-receptor-specific pathway. At a density of 9% mannoside-terminated PEG chains
in the corona of a methoxy-terminated PEG NC, the binding to the MR is three times higher
than for the non-targeted case. Interestingly, 9% represents a maximum, and binding
decreases at mannoside concentrations of 20-75%. Understanding the biological
mechanisms behind this decrease in binding is of importance in designing targeted NCs.
Reports of maxima in binding are only recently appearing for other cell types. This work has
established that Flash NanoPrecipitation is a facile route to create libraries of surface
functionalized NCs in a single step with variable ligand densities. A key advantage of this
assembly process is that the step of quantifying mannose functionalization is conducted on
the initial block copolymers prior to NC assembly. This is significantly easier and more
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precise then attempting to post-react mannose ligands onto NCs and to quantify the
concentration of the small mannose groups on the large NC construct. The role of the
hydroxyl-versus methoxy-termination on the PEG, as first described by Hubbell [45], is also
surprising, and the pathway for binding and internalization by macrophages is an important,
unresolved question. The model we have proposed for the size-dependence of uptake is
based on the number of ligands that can contact a cell surface as a function of the curvature
of the NC and the density of ligands on the NC surface. The model appears to quantitatively
account for the observed size dependence of NCs with a hydroxyl-terminated surface. The
data showing no size dependence of uptake for the NCs with a methoxy-terminated PEG
corona and the strong size dependence for the hydroxyl-terminated NCs highlights the
difficulty in interpreting the literature on the size dependence of uptake when NCs with
various sizes may not have exactly the same surface structure, chemistry, or functionality.
This again points out the potential power of Flash NanoPrecipitation as a tool to prepare
libraries to study size and targeting phenomena. Furthermore, it provides an important
framework for future studies in which targeted polymeric NCs are to be formulated and
evaluated to optimize delivery to specific diseased cells. In moving forward, key work
includes focusing on the intracellular fate of NCs, as well as the efficacy of NC targeting /n
vivo. This platform is now being utilized to formulate novel antitubercular drugs in targeted
NCs to improve co-localization of drug dose with the intracellular bacteria.

Supplementary Material

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

The size distributions of NCs (Formulations 1.2-1.7) stabilized by (a) PS1.5k-46-PEGg,-OH
with an intensity average diameter of 62 nm (O), 105 nm (O), and 202 nm (<>) and (b)
PLA3 gk-b-PEGsK-OCH3 with an intensity average diameter of 61 nm (H), 135 nm (@), and
204 nm (@). (c) After incubation with J774A.1 cells at 4°C, there is low association with
PLAj3 gk-6-PEGs,-OCHjg stabilized particles. Association increases with particle size for
PS1 s5k--PEGsK-OH stabilized formulations.
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Figure 2.

Extent of NC association as a function of the percent of PSq 5i-6-PEGs,-MAN chains
relative to PS,-6-PEG,,-OCHj3 on the NC surface formulations in Table 2). The methoxy-
terminated stabilizer was () PS; 5x-6-PEGg,-OCHg or () PSy gk-6-PEG gk-OCHs. The
dose was 100 wg mL™L. Inset: Schematic of the relative PEG block lengths, where (a) both
methoxy- and mannoside-terminated PEG chains were 5 kg mol~1 or (b) the methoxy-
terminated PEG chains were 1.8 kg mol~1 and the mannose-terminated PEG chains were 5
kg mol~1.
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Figure 3.

Association of NC with 9% surface mannoside (Formulation 2.4). (a) Time and temperature
dependence of cellular association with J774E cells as a function of time at 4°C (O) and
37°C (m). Extent of association was quantified by cell lysis and solubilization of the
hydrophobic dye. (b-d) Representative confocal images of fixed J774E cells, corresponding
to the following conditions: (b) cells not exposed to NCs (c) cells exposed to NCs for 3 h at
4°C, and (d) cells exposed to NCs for 3 h at 37°C. The DAPI nuclear stain is shown in red
and EtTP5 fluorescence is shown in green.
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Quantified NC association at 37°C in J774E cells without a blocking ligand (black bars) and
with dextran to block binding to the mannose receptor (white bars). All NCs are dosed at

100 ug mL™1,
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Figure 5.

Contact area between a NC with a diameter of 60, 100, or 200 nm at a separation distance of
5.3 nm, which corresponds to the radius of gyration for 5 kg mol™1 PEG (figure drawn to
scale). The chord length, ¢;, in the image corresponds to the diameter of the contact area, A.
The calculated contact area (O) varies linearly with the particle diameter, ¢, and is
proportional to the mass of Formulations 1.2-1.5 associated with J774A.1 cells at 4 °C (H).
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