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ABSTRACT: The aggregation of nanoparticle colloidal dispersions "
in complex biological environments changes the nanoparticle
properties, such as size and surface area, thus affecting the interaction
of nanoparticles at the interface with cellular components and systems.
We investigated the effect of nanoparticle aggregation on autophagy,
the main catabolic pathway that mediates degradation of nanosized
materials and that is activated in response to internalization of foreign
nanosized materials. We used carboxylated polystyrene nanoparticles
(100 nm) and altered the nanoparticle aggregation behavior through

Blockage of
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= \»
Intracellular
aggregation

Stable dispersion

addition of a multidomain peptide, thus generating a set of

nanoparticle-peptide mixtures with variable aggregation properties. Specifically, modulating the peptide concentration resulted
in nanoparticle-peptide mixtures that are well dispersed extracellularly but aggregate upon cellular internalization. We
monitored the effect of internalization of nanoparticle-peptide mixtures on a comprehensive set of markers of the autophagy
pathway, ranging from transcriptional regulation to clearance of autophagic substrates. The nanoparticle-peptide mixtures were
found to activate the transcription factor EB, a master regulator of autophagy and lysosomal biogenesis. We also found that
intracellular aggregation of nanoparticle colloidal dispersions causes blockage of autophagic flux. This study provides important
insights on the effect of the aggregation properties of nanoparticles on cells and, particularly, on the main homeostatic pathway
activated in response to nanoparticle internalization. These results also point to the need to control the colloidal stability of
nanoparticle systems for a variety of biomedical applications.

B INTRODUCTION

Engineered nanoparticles have emerged as an important class
of biomaterials for a variety of biomedical applications
including delivery systems,"” imaging and contrast agents,”
and therapeutics.” This wide range of applications is due to the
unique and tunable physicochemical properties of nano-
particles that shape the interactions at the interface between
nanoparticles and biological systems.”” Interactions at the
nanobio interface, however, can also have bioadverse effects
beyond those already characterized for materials at the bulk or

4,67
molecular scales.

Specifically, mechanistic studies have
pointed to the key role of nanoparticle-induced impairment
and disruption of lysosomal function,® formation of reactive
oxygen species,” and activation of inflammatory responses'® in
mediating the observed cytotoxic effect of nanoparticles.
Notably, the autophagic response induced upon internalization
of a variety of nanoparticles presenting different physicochem-
ical properties'''® has a profound effect on the fate of

internalized nanoparticles and the ultimate outcome of the
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interaction of nanoparticles with cellular components,
including their potentially toxic effect.’” >

Autophagy and, particularly, macroautophagy, is the main
catabolic pathway in eukaryotic cells and plays a fundamental
role in maintaining cell homeostasis.”" Activation of autophagy
upon nanoparticle internalization may result in an increase in
the cellular degradation capacity and enhanced clearance of
endogenous materials.'>'>'>** However, nanoparticle inter-
nalization has also been linked to impairment of specific
components of the autophagy-lysosome system.17 Impairment
of this important homeostatic pathway has been associated
with a variety of pathologies ranging from neurodegenerative
diseases to cancer’”* and may thus be involved in the
mechanism of nanoparticle toxicity. Understanding the effect
of nanoparticles on the autophagy system and mapping
nanoparticle properties with the nature of the autophagic
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Figure 1. Hydrodynamic diameter size distributions of CPS-SL, CPS-SA, and CPS-ESL NPs. A) Hydrodynamic diameter distributions of 100 nm
CPS NPs (50 pg/mL) dispersed in water, PBS, and DMEM supplemented with FBS. B) Schematic representation of the colloidal behavior of CPS
NPs. C, D) Hydrodynamic diameter distributions of CPS NPs mixed with SL peptide (0.15%, 1.5%, and 15% w/w peptide/NP) dispersed in C)
PBS and in D) DMEM supplemented with FBS. E, F) Hydrodynamic diameter distributions of CPS NPs mixed with SA and ESL peptides (1.5%
and 15% w/w peptide/NP) dispersed in E) PBS and in F) DMEM supplemented with FBS. G) Schematic representation of the colloidal behavior

of CPS NP-peptide mixtures.

response elicited upon cellular internalization is thus important
for the desizgn of safe nanoparticles for use in biomedical
applications.”

Autophagy mediates the degradation of aggregated proteins,
damaged organelles, and pathogens through the lysosome.”
Clearance by the autophagy pathway initiates with compart-
mentalization of cytoplasmic material into double-membrane
vesicles called autophagosomes.”® Autophagosomes fuse with
lysosomes to form autolysosomes, and lysosomal hydrolases
degrade the autophagic cargo. Autophagosome and lysosome
biogenesis is regulated by the transcription factor EB (TFEB),
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a master regulator that controls the expression of the CLEAR
(coordinated lysosomal expression and regulation) gene
network.”” Interestingly, activation of autophagy upon internal-
ization of different types of nanoparticles was found to
correlate with activation of TFEB.'>'*'¥** Upregulation of
autophagy at the transcriptional level in cells exposed to
nanoparticles, however, is not always paralleled by an increase
. . 13,15 . .
in autophagic clearance. Nanoparticles may disrupt
17 L
components of the autophagy system: ' lysosomal impairment
induced by nanoparticles, for instance, leads to reduced
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formation of autolysosomes, resulting in activation of TFEB
paralleled by blockage of autophagic flux.'*'>*°

The high electrolyte and protein content of complex
biological fluids affects the colloidal stability of nanoparticle
systems, possibly causing nanoparticle aggregation.”*”' The
intracellular milieu further affects the colloidal behavior of
nanoparticles, especially upon nanoparticle exposure to the
endolysosomal compartment.'””® The colloidal stability and
aggregation behavior of nanoparticles are expected to affect the
nanoparticle physicochemical properties such as size, surface
charge, and surface chemistry and are thus likely to play a key
role in shaping the autophagic response to nanopar-
ticles, | 11133234

Most studies aimed at characterizing the impact of
nanoparticles on cells as a function of nanoparticle aggregation
have mainly focused on the aggregation behavior of nano-
particles in cell culturing media, which typically affects the rate
and extent of cellular internalization of nanoparticles® and is
thus likely to shape the interaction of nanoparticles with
intracellular components, including the autophagy pathway.*®
The interaction of nanoparticles with intracellular components,
however, may also alter the aggregation properties of
nanoparticles upon cellular internalization and further affect
the response of the autophagy system to nanoparticles."*

In this study, we investigated the autophagic response to a
nanoparticle-peptide system that presents peptide-dependent
aggregation behavior in extracellular media as well as
intracellularly. The nanoparticle-peptide system is based on
carboxylated polystyrene nanoparticles which do not aggregate
in cell culture media,"* do not affect lysosomal function and
stability,”” and induce activation of autophagy without
impairing components of the lysosome-autophagy system
that mediate autophagic clearance.”> By modulating the
concentration of multidomain peptides with self-assembling
properties,””*” we generated a set of NP-peptide mixtures with
variable aggregation properties in extracellular media and
intracellularly. Characterization of representative makers of the
autophagy system, including transcriptional regulation, for-
mation of autophagic vesicles, and cargo degradation, provided
important insights on the impact of nanoparticles on
autophagy as a function of nanoparticle colloidal behavior.
Results from this study highlight the key role of the
nanoparticle colloidal properties in shaping the autophagic
response and will inform the design of safe nanoparticle
systems with controlled properties at the interface with
biological systems.

B RESULTS AND DISCUSSION

The Aggregation Properties of NP-Peptide Mixtures
Depend on the lonic Strength and Protein Content of
the Dispersant. To modulate the aggregation propensity of
carboxylated polystyrene nanoparticles (CPS NPs), CPS NPs
of 100 nm in diameter were mixed with the SL peptide
(Ky(SL)¢K,), a multidomain peptide that was previously
reported to self-assemble into fibers in aqueous solution.”**’
The self-assembly properties of the SL peptide in solution are
determined by the peptide’s amino acid sequence and are
affected by the solvent’s pH and ionic strength.*” We expected
the lysine residues at the N- and C-terminal ends of the
peptide to be protonated at neutral pH and interact
electrostatically with the carboxylic acid groups on the surface
of the CPS NPs. We hypothesized that the aggregation
propensity of CPS NPs coated with the SL peptide could be
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modulated by varying the properties of the dispersant.
Specifically, multivalent negative ions, which are present in
buffers such as PBS, induce assembly of the peptide fibers into
gels.”® CPS NPs were mixed with the SL peptide (CPS-SL
NPs) at 0.15%, 1.5%, and 15% w/w peptide/NP ratios.
Dynamic light scattering (DLS) measurements revealed that
the hydrodynamic diameter of CPS NPs does not vary
between CPS NP dispersions in water and PBS (Figure 1A).
The hydrodynamic diameter distribution of CPS NPs in
serum-supplemented DMEM shifts slightly toward 1ar§er sizes,
most likely due to the formation of the protein corona” (Figure
1A). Results from DLS studies illustrate the colloidal stability
of negatively charged nanoparticles in various dispersants
(Figure 1B). The hydrodynamic diameter of CPS-SL NPs in
water did not vary significantly as a function of peptide
concentration (Figure S1A, Supporting Information). DLS
measurements of CPS-SL NPs in PBS revealed an increase of 1
order of magnitude in the average hydrodynamic diameter of
NP-peptide mixtures containing 1.5% and higher w/w
peptide/NP ratios (Figure 1C), indicating that addition of
the peptide alters the aggregation propensity of CPS NPs in an
ionic solution such as PBS. The hydrodynamic diameter
distributions of CPS SL NPs in serum-supplemented DMEM
increased only in the mixture containing 15% SL (Figure 1D),
indicating that the aggregation properties of NP-peptide
mixtures depend on peptide concentration and are mediated
by the protein content of the dispersant. This result is
consistent with the notion that the protein corona enhances
the colloidal stability of nanoparticles in biological fluids.*’

To further confirm the formation of aggregates in solution,
we characterized the nanoparticle-peptide mixtures using
nanoparticle tracking analysis (NTA), which allows visual-
ization of the light scattered by nanoparticle suspensions and
quantification of individual particle concentration and hydro-
dynamic size distribution.*' Inspection of NTA videos shows
well-defined and pointlike nanoparticle scattering signals for all
nanoparticle-peptide mixtures in water (Figure S2A). Analyses
of CPS NPs and 0.15% CPS-SL NPs in PBS also revealed well-
defined pointlike scattering signals. Analyses of 1.5% and 15%
CPS-SL NPs in PBS, however, revealed an increase in the size
and intensity of the nanoparticle scattering signal and a
decrease in the number of observed pointlike signals (Figure
S2BC). The individual particle concentration of CPS NPs and
CPS-SL NPs in PBS at S pg/mL was found to be in the order
of 10° particles/mL. In contrast, the individual particle
concentration of 1.5% and 15% CPS-SL NPs under the same
conditions was found to be in the order of 10 particles/mL,
indicating aggregation of single particles. Analyses of the
hydrodynamic size distributions of CPS-SL NPs (S ug/mL in
PBS) as a function of individual particle concentration show an
increase in the hydrodynamic size distributions of the 1.5% and
15% CPS-SL NPs (Figure S2D).

To explore the role of the peptide sequence on the
aggregation propensity of the nanoparticle-peptide mixtures,
we analyzed CPS NPs mixed with other two multidomain
peptides: K,(SL),(SA),(SL),K, (SA peptide) and E,(SL)¢E,
(ESL peptide). Substitution of two leucine residues with two
alanine residues in the SA peptide is expected to reduce the
peptide’s propensity to self-assemble;*” CPS-SA mixtures are
thus expected to present reduced aggregation propensity.
Substitution of the lysine residues with glutamate residues
changes the electrostatic interactions between the particles, the
peptides, and the ions in solution; CPS-ESL mixtures are thus
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Figure 2. TFEB activation in HeLa/TFEB cells exposed to CPS-SL NPs. A) Average fraction of HeLa/TFEB cells treated with CPS NPs and CPS-
SL NPs (10 and S0 pg/mL; 24 h) that present nuclear localization of TFEB. Data reported as mean + SD (n > 3; p < 0.05). B) Average fraction of
TFEB that localizes to the nucleus of HeLa/TFEB cells treated with CPS NPs and CPS-SL NPs (10 and 50 ug/mL; 24 h). Data reported as mean

+ SD (n = 3; p < 0.05).

expected not to aggregate. CPS NPs were mixed with the SA
and ESL peptides (CPS-SA and CPS-ESL NPs) at 1.5% and
15% w/w peptide/NP ratios because the CPS-SL NPs with
those mixing ratios show aggregation in PBS and serum-
supplemented DMEM. The hydrodynamic diameter of CPS-
SA and CPS-ESL mixtures in water did not vary as a function
of peptide sequence and concentration (Figure S1B). DLS
measurements showed an increase in the average hydro-
dynamic diameter of CPS-SA NPs containing 1.5% and 15%
SA in PBS (Figure 1E) and in serum-supplemented DMEM
(Figure 1F). The aggregation behavior of 1.5% CPS-SA NPs is
similar to that of 1.5% CPS-SL NPs. CPS-SA NPs containing
15% SA, however, do not aggregate to the extent observed in
experiments conducted using CPS-SL NPs at the same mixing
ratio. CPS-ESL NPs were found to not aggregate in any of the
dispersants tested (Figure 1EF). These results confirm that the
peptide sequence plays a key role in the aggregation properties
of the CPS NPs coated with multidomain peptides.

These results suggest that the aggregation properties of CPS
NPs can be controlled through addition of multidomain
peptides. Specifically, we generated a set of NP-peptide
mixtures, namely CPS NPs mixed with increasing concen-
trations of SL peptide (0, 0.15, 1.5, and 15% w/w peptide/NP
ratios) with variable aggregation properties that depend on the
nature of the dispersant (Figure 1G). Furthermore, because
the aggregation properties of the NP-peptide mixtures in cell
culture medium depend on the peptide concentration (Figure
1D), this nanoparticle preparation method allows exploring the
effect of nanoparticle aggregation on the cellular response
induced upon nanoparticle internalization.

Cell Exposure to NP-Peptide Mixtures Results in
Activation of TFEB. To investigate the effect of the
aggregation properties of the NP-peptide mixtures on the
autophagy pathway, we first analyzed the transcriptional
regulatory network that controls autophagy activation.
Specifically, we monitored the transcription factor EB
(TFEB), a master regulator of lysosomal biogenesis and
autophagy that controls expression of genes of the CLEAR
(coordinated lysosomal expression and regulation) network."”
TFEB resides predominantly in the cytoplasm of restin% cells
and translocates into the nucleus upon activation.” We
monitored the subcellular localization of TFEB in an in vitro
model consisting of HeLa cells stably transfected for the
expression of TFEB-3xFLAG (HeLa/TFEB cells).”” HeLa/
TFEB cells were cultured in the presence of fluorescent CPS
and CPS-SL NPs (10 and 50 yug/mL; 24 h). TFEB subcellular
localization was monitored by confocal microscopy using a
Hoechst nuclear stain and an anti-FLAG antibody and
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quantified by calculating the Mander’s colocalization coef-
ficient of the TFEB signal and the nuclear stain to determine
the fraction of TFEB that localizes in the nucleus and the
fraction of cells that present an increase in nuclear TFEB
compared to untreated cells (Figure S3A). The average
fraction of nuclear TFEB provides a measurement of the
extent of TFEB activation per cell, whereas the average fraction
of cells that present nuclear TFEB provides a measurement of
the extent of TFEB activation within the cell population.

TFEB localizes predominantly in the cytoplasm of untreated
cells (14% of cells with nuclear TFEB, Figure 2A, dashed line),
as expected.”” Cell treatment with CPS NPs (50 ug/mlL)
induced a 2-fold increase in the fraction of cells with nuclear
TFEB as previously reported'® (p < 0.05; Figure 2A). Cell
treatment with CPS-SL NPs resulted in an increase in the
fraction of cells with nuclear TFEB compared to untreated cells
and to cells treated with CPS NPs to an extent that depends on
the concentration of SL peptide and on the concentration of
CPS-SL NPs in the culturing medium. An increase in the
fraction of cells with nuclear TFEB compared to untreated cells
was observed in cells treated with CPS-SL NPs with at least
1.5% w/w peptide coating and at concentrations (10 yg/mL)
lower than the minimum concentration of CPS NPs that
activates TFEB (50 pg/mL) (1.5% SL NPs, p < 0.01; 15% SL
NPs, p < 0.001; Figure 2A). The fraction of cells with nuclear
TFEB increased with increasing concentration of CPS-SL NPs
presenting 1.5% w/w peptide coating (S0 ug/mL) (p < 0.001;
Figure 2A). Treatment with 15% CPS-SL NPs was found to
further increase the fraction of cells with nuclear TFEB (Figure
2A), but not in a concentration dependent fashion, possibly
due to a plateau in the extent of the nanoparticle-induced effect
on TFEB activity, as observed previously.'” The fraction of
TFEB that localizes to the nucleus in cells treated with CPS-SL
NPs containing at least 1.5% SL was also found to increase
compared to untreated cells and cells treated with CPS NPs,
although it did not depend on the nanoparticle concentration
in the medium (Figure 2B). Cell treatment with only the SL
peptide at concentrations equivalent to the concentrations of
peptide in CPS-SL NP treatments containing 15% SL was
found to not increase the fraction of cells with nuclear TFEB
or the fraction of TFEB in the nucleus (Figure S3BC).

These results demonstrate that cell treatment with CPS-SL
NPs causes an increase in the fraction of cells that present
nuclear TFEB and in the average fraction of TFEB that
localizes to the nucleus compared to cells treated with CPS
NPs, indicating an increase in the activation of TFEB that
correlates with the relative amount of peptide in the NP-
peptide mixture.
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To determine whether addition of the multidomain peptides
alters the cytotoxic properties of CPS NPs, we measured the
viability of HeLa/TFEB cells treated with CPS-SL NPs using
the MTS assay.* Treatment with CPS-SL NPs did not reduce
cell viability under the conditions of this study (Figure S4).

To evaluate whether the SL peptide affects the uptake of
NP-peptide mixtures, we measured the extent of CPS-SL NPs
internalization as a function of the relative amount of peptide
in the NP-peptide mixture and of CPS-SL NP concentration in
the culturing medium. HeLa and HeLa/TFEB cells were
treated with fluorescent CPS and CPS-SL NPs under
conditions observed to induce changes in TFEB activation
(10 and SO pg/mL; 24 h), and the extent of uptake was
monitored by measuring cell fluorescence. Cellular uptake of
CPS-SL NPs was similar in HeLa and HeLa/TFEB cells and
depended on both amount of peptide and concentration of
CPS-SL NPs (Figure 3A). Addition of 1.5% SL peptide
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Figure 3. Uptake of CPS-SL NPs in HeLa/TFEB and HeLa cells. A)
Average fluorescence of HeLa/TFEB and HeLa cells treated with
fluorescent CPS NPs and CPS-SL NPs (10 and S0 pg/mL; 24 h)
normalized to the average fluorescence of cells treated with 10 yzg/mL
CPS NPs. Data reported as mean = SD (n > 3). B) Average
fluorescence of HeLa cells treated with fluorescent CPS NPs and
CPS-SL NPs (at concentrations that result in comparable uptake)
normalized to the average fluorescence of cells treated with 50 yig/mL
CPS NPs. Data reported as mean + SD (n > 3).

resulted in an increase in uptake only at high concentrations of
NP-peptide mixtures (50 pug/mL) compared to CPS NPs not
containing the peptide, while addition of 15% SL peptide
resulted in an increase in uptake even at lower concentrations
of NP-peptide mixtures in the medium (Figure 3A). The effect
of the peptide coating on cellular uptake only partially explains
the effect of the peptide coating on TFEB activation. For
instance, cell treatment with low concentrations (10 yg/mL)
of CPS-SL NPs containing 1.5% SL resulted in similar uptake
but higher TFEB activation compared to CPS NPs (p < 0.05,
Figure 2A). Furthermore, cell treatment with high concen-
trations (50 pg/mL) of CPS-SL NPs containing 1.5% SL and
low concentrations (10 pg/mL) of CPS-SL NPs containing
15% SL resulted in comparable uptake levels but different
effects on TFEB activation (p < 0.0S, Figure 2A). These
results indicate that while the cellular internalization of CPS-
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SL NPs correlates with the concentration of peptide coating
and with the medium concentration of NP-peptide mixtures,
the effect of CPS-SL NPs on TFEB activation does not depend
solely on the extent of uptake of CPS-SL NPs.

To evaluate the extent to which the aggregation propensity
of CPS-SL NPs affects the response of the autophagy pathway,
we identified treatment conditions resulting in comparable
cellular uptake of CPS NPs mixed with different amounts of SL
peptide (normalized treatment concentrations, Figure 3B).

Intracellular Aggregation of NP-Peptide Mixtures. To
determine whether the aggregation properties of the NP-
peptide mixtures in saline buffer and cell culture media
correlate with the extent of intracellular aggregation, we
analyzed the formation of three-dimensional nanoparticle
structures in single cells. HeLa cells were treated with CPS
and CPS-SL NPs at concentrations that result in comparable
uptake levels (normalized treatment concentrations, Figure
3B). Cells were analyzed by confocal microscopy, and three-
dimensional nanoparticle structures were constructed from
stacks of confocal sections of single cells using the IMARIS
software package (Figure 4A). The volume of each nano-
particle structure was determined based on the voxels defining
the nanoparticle structure and the average nanoparticle
structure volume calculated for each treatment condition. An
increase in the average volume of intracellular NP structures
with respect to cells treated with CPS NPs was observed in
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Figure 4. Nanoparticle aggregates in HeLa cells. A) Representative
images used to measure intracellular nanoparticle structures in cells
treated with fluorescent NPs. Single cell three-dimensional images are
collected by confocal microscopy and analyzed using the IMARIS
software package. The cell volume is determined using F-actin (red)
and masked. The nanoparticle structures (green) inside the cell are
analyzed based on voxel intensity to calculate the average nanoparticle
structure volume. B) Average intracellular nanoparticle structure
volume in cells treated with fluorescent CPS NPs, CPS-SL NPs, and
CPS-SA NPs (normalized treatment concentrations; 24 h). Data
reported as mean + SD (n > 3; p < 0.05).
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cells treated with CPS-SL NPs containing at least 1.5% SL
peptide (4.5-fold; p < 0.001) (Figure 4B). This result suggests
that CPS NPs coated with multidomain peptides present
enhanced aggregation propensity upon internalization into
cells, since DLS analyses of NP-peptide mixtures in the
culturing medium (Figure 1D) revealed increased aggregation
only of CPS-SL NPs containing higher concentrations of
peptides (15%). A comparison of DLS and intracellular
aggregation analyses of CPS-SL NPs also supports this notion,
as the size of nanoparticle aggregates was found to increase as a
function of peptide concentration in samples of 1.5% and 15%
CPS-SL NPs in extracellular medium (Figure 1D) but to
plateau upon cellular internalization (Figure 4B). To
determine the extent to which the peptide sequence influences
the intracellular aggregation propensity of NP-peptide
mixtures, we analyzed the formation of three-dimensional
nanoparticle structures in single cells treated with CPS-SA NPs
containing 1.5% SA peptide. CPS-SA NPs containing 1.5% SA
were observed to present aggregation behavior similar to the
1.5% CPS-SL NPs in solution (Figure 1). Uptake analyses were
first conducted to determine the normalized treatment
concentration of 1.5% CPS-SA NPs (Figure SSBC). The
increase in the average volume of intracellular NP structures in
cells treated with 1.5% CPS-SA NPs with respect to cells
treated with CPS NPs was considerably lower (2.3-fold; p <
0.005) than the increase in cells treated with 1.5% CPS-SL
NPs, indicating that the peptide sequence affects the
intracellular aggregation properties of the NP-peptide mixtures
(Figure 4B).

Effect of NP-Peptide Mixture Aggregation on
Autophagosome Synthesis and Turnover. Autophagic
clearance involves a series of coordinated cellular processes,
which include biogenesis of lysosomes and autophagosomes,
fusion of lysosomes and autophagosomes, and formation of
autolysosomes where degradation occurs.”® To investigate the
effect of NP-peptide mixtures with different aggregation
properties on the autophagy pathway, we first evaluated the
formation and turnover of autophagosomes under conditions
that result in TFEB activation. Specifically, we measured the
intracellular levels of microtubule-associated protein chain 3
(LC3) in HeLa cells treated with NP-peptide mixtures
(normalized treatment concentrations, 24 h) by immunoblot-
ting.** LC3 is a soluble cytoplasmic protein (LC3-I) that is
conjugated to phosphatidylethanolamine (LC3-II) and re-
cruited to autophagosomal membranes upon activation of
autophagy.”> Fusion of autophagosomes with lysosomes to
form autolysosomes results in degradation of autophagosomal
components including LC3-IL*® The accumulation of LC3-II
is thus indicative of autophagosome formation and turnover.*’

Cell treatment with NP-peptide mixtures containing at least
1.5% SL resulted in an increase in the levels of LC3-II
compared to untreated cells (Figure SB; p < 0.001). Addition
of the lysosomal protease inhibitor bafilomycin Al (10 nM, 1
h) resulted in an increase in the LC3-II levels of untreated cells
(p < 0.001), cells treated with CPS NPs not containing
peptide (p < 0.001), and cells treated with NPs containing
0.15% SL (p < 0.0S; Figure SB), due to blockage of
autophagosome turnover caused by bafilomycin.*” However,
addition of bafilomycin to cells treated with NP-peptide
mixtures containing at least 1.5% SL did not affect LC3-II
levels, indicating blockage of autophagic flux.

Taken together with the characterization of the extracellular
(Figure 1) and intracellular (Figure 4) aggregation behavior of
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Figure S. Autophagosome formation and turnover in HeLa cells
exposed to CPS-SL NPs. LC3 levels in HeLa cells treated with CPS
NPs and CPS-SL NPs (normalized treatment concentrations; 24 h)
and in the presence of bafilomycin (10 nM; 1 h). A) Western blot
analysis of LC3 isoforms (cytoplasmic LC3-I and autophagosome
associated LC3-II). GAPDH is used as loading control. B) LC3-1I
band intensities, corrected by GAPDH band intensities, and
normalized to the untreated sample. Data reported as mean + SD
(n > 3; p < 0.05).

NP-peptide mixtures, these results suggest that exposure to
NP-peptide mixtures that form aggregated structures intra-
cellularly causes blockage of the autophagic flux. Exposure to
NP-peptide mixtures that form aggregated structures prior to
cellular uptake (15% SL NPs), on the other hand, did not
affect the formation of autophagosomes. These results suggest
that aggregation of NP-peptide mixtures that occur upon
cellular uptake, rather than the intrinsic aggregation properties
of the NP-peptide mixtures in the dispersing medium, affects
the nature of the autophagic response elicited upon nano-
particle internalization.

Effect of NP-Peptide Mixture Aggregation on
Lysosomal Integrity and Autophagic Flux. To further
characterize the effect of CPS NP-peptide mixtures on the
autophagic flux, we investigated the integrity of lysosomes and
formation of autolysosomes. Lysosomal integrity was evaluated
using acridine orange, a lysosomotropic probe with an
emission spectrum that shifts from green to red as the probe
accumulates in acidic organelles.”” Lysosomal membrane
permeabilization results in acridine orange release into the
cytosol and decrease in red fluorescence.'”*” HeLa cells were
treated with NP-peptide mixtures at the normalized treatment
concentrations (24 h), and cell fluorescence was measured by
flow cytometry. Cell treatment with CPS NPs did not affect
lysosomal integrity as previously reported.” Cell treatment
with the NP-peptide mixtures did not affect the red
fluorescence signal compared to cell treatment with CPS
NPs (Figure S6), indicating that addition of the SL peptide
does not affect lysosomal integrity.

To evaluate the effect of the NP-peptide mixtures on the
autophagic flux, we also correlated LC3 processing to the
formation of autolysosomes. HeLa cells were treated with NP-
peptide mixtures (normalized treatment concentrations; 24 h)
and autophagic vesicles evaluated using anti-LC3 and anti-
LAMP2 (lysosome-associated membrane protein). Immuno-
fluorescent confocal microscopy images were analyzed to
quantify the number of LC3 puncta per cells and the extent of
colocalization of LC3 and LAMP2 (Figure S7A). The average
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number of LC3 puncta per cell increased in cells treated with
at least 1.5% CPS-SL NPs compared to untreated cells (p <
0.001; Figure 6A). This increase in LC3 puncta was paralleled
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Figure 6. Autolysosome formation and ALR in HeLa cells exposed to
CPS-SL NPs. A) Average number of LC3 puncta per cell and
colocalization of LAMP2 with LC3 in HeLa cells treated with
fluorescent CPS NPs and CPS-SL NPs (normalized treatment
concentrations; 24 h). Data reported as mean + SD (n Z23p<
0.05). B) Average number of NP aggregates per cell and
colocalization of NP aggregates with LC3 and LAMP2 in HelLa
cells treated with fluorescent CPS NPs and CPS-SL NPs (normalized
treatment concentrations; 24 h). Data reported as mean + SD (n > 3;
p < 0.05). C) Colocalization of CLTA with LAMP2 in HeLa cells
treated with cyclodextrin (CD; S mM; 24 h) and fluorescent CPS
NPs and CPS-SL NPs (normalized treatment concentrations; 24 h).
Data reported as mean + SD (n Z23p< 0.05).

by an increase in LAMP2-LC3 colocalization (p < 0.001;
Figure 6A). Blockage of the autophagic flux that results from
disruption of lysosomal integrity manifests as an increase in
LC3 puncta that is not paralleled by an increase in LAMP2-
LC3 colocalization.'® Because cells treated with CPS-SL NPs
present an increase in LAMP2-LC3 colocalization, the
blockage in autophagic flux observed in cells treated with
CPS-SL NPs (Figure 5) is likely not to result from impairment
of autolysosome formation. This observation is consistent with
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analyses of acridine orange fluorescence indicating CPS-SL
NPs do not affect lysosomal integrity (Figure S$6). Cell
treatment with only the SL peptide did not increase the
average number of LC3 puncta or LAMP2-LC3 colocalization
(Figure S7B).

To evaluate the localization of NP aggregates in autophagic
vesicles, we quantified the colocalization of aggregated NP
structures with protein markers of autophagosomes (LC3)**
and lysosomes (LAMP2).>° HeLa cells were treated with the
NP-peptide mixtures (normalized treatment concentrations;
24 h), and immunofluorescent confocal microscopy images
were analyzed to quantify the number of NP aggregates per cell
and the extent of colocalization of NPs with LC3 and LAMP2
(Figure S7A). We observed an increase in the average number
of NP aggregates per cell in cells treated with at least 1.5%
CPS-SL NPs compared to cells treated with CPS NPs (p <
0.001; Figure 6B). The increase in NP aggregates was
paralleled by an increase in the colocalization of NP aggregates
with autophagosomes (p < 0.001; Figure 6B). CPS NPs were
found to preferentially colocalize with lysosomes (Figure 6B),
most likely due to the fusion of endosomes with lysosomes as
the particles are internalized.'” We observed an increase in
colocalization of NPs with lysosomes as a function of
concentration of SL peptide even at low peptide concen-
trations compared to CPS NPs (0.15% SL, p < 0.01), which
was found to plateau at high peptide concentrations (Figure
6B). Taken together these results suggest that NP-peptide
mixtures aggregate in lysosomes, most likely following
internalization through the endolysosomal pathway. Disruption
of the autophagic flux occurs after formation of autolysosomes,
possibly due to impairment of autophagic lysosome reforma-
tion (ALR),”" an effect that has been reported for other
biopersistent nanoparticles.'">>

To determine the extent to which cells treated with the CPS
NP-peptide mixtures present blockage of ALR, we monitored
clathrin recruitment to autolysosomal membranes. Clathrin is
recruited to autolysosomal membranes under conditions that
activate autophagy.”® Impairment of ALR, however, is not
paralleled by an increase in recruitment of clathrin to
autolysosomal membranes even in cells presenting an increase
in accumulation of autolysosomes.”® HeLa cells were treated
with a known activator of autophagy,” cyclodextrin (CD; 5
mM; 24 h), and the NP-peptide mixtures (normalized
treatment concentrations; 24 h). Immunofluorescent confocal
microscopy images were analyzed to quantify the extent of
colocalization of clathrin light chain A (CLTA) with LAMP2
(Figure S7C). As lysosomes and autophagosomes form
autolysosomes, clathrin is recruited, and colocalization with
LAMP?2 increases. Treatment with cyclodextrin and CPS NPs
resulted in an increase in CLTA-LAMP2 colocalization (p <
0.01; Figure 6C). Treatment with CPS-SL NPs, however, did
not result in an increase in CLTA-LAMP2 colocalization
(Figure 6C). These results are consistent with the observation
that CPS-SL NPs preferentially colocalize with lysosomes. As
nanoparticles aggregate in lysosomes following internalization,
the blockage of autophagic flux likely happens via impairment
of ALR after the formation of autolysosomes.

We also observed that cells treated with CPS-SL NPs
containing 15% SL peptide present an increase in the number
of NP aggregates (Figure 6B) and LC3 puncta per cell (Figure
6A) compared to cells treated with 1.5% CPS-SL NPs (p <
0.05) that was not paralleled by an increase in colocalization of
NPs with autophagic vesicles. These results suggest that the
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propensity of NP-peptide mixtures to form intracellular
aggregates drives accumulation of NP aggregates within
autophagic vesicles and affects the autophagic response to
NPs. As a result, under comparable uptake of NP-peptide
mixtures that aggregate extracellularly or intracellularly,
formation of aggregates in the extracellular medium is likely
to result in an increase in accumulation of aggregated
structures compared to nanoparticles that only aggregate
intracellularly but not to affect the extent to which NP
aggregates accumulate in autophagic vesicles.

Intracellular Aggregation of NP-Peptide Mixtures
Impairs Clearance of Autophagic Cargo. Pathological
conditions characterized by blockage of autophagic flux lead to
accumulation of autophagic cargo.”’54 To test the extent to
which the blockage of autophagic flux observed upon
intracellular aggregation of NP-peptide mixtures affects
autophagic clearance, we used an in vitro model of
accumulation of autophagic cargo, namely fibroblasts derived
from a patient with late infantile neuronal ceroid lipofuscinosis
(LINCL). LINCL fibroblasts are characterized by accumu-
lation of ceroid lipopigment, a lipofuscin-like autofluorescent
material that is normally degraded through autophagy.>> Cell
treatment conditions resulting in comparable uptake of CPS
and CPS-SL NPs in fibroblasts were first established (Figure
S5D). LINCL fibroblasts were treated with fluorescent CPS
and CPS-SL NPs (normalized treatment concentrations; 72 h),
and intracellular aggregation was evaluated by confocal
microscopy. The size of intracellular aggregates increased
only in cells treated with 15% SL NPs (p < 0.01; Figure 7A).
The difference in the aggregation of NP-peptide mixtures upon
cellular uptake between HeLa cells and LINCL cells is
consistent with previous studies suggesting cell type dependent
uptake.”* ™’

To evaluate clearance of ceroid lipopigment, LINCL
fibroblasts were treated with CPS and CPS-SL NPs
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Figure 7. Clearance of ceroid lipopigment in LINCL fibroblasts
exposed to CPS-SL and CPS-SA NPs. A) Two-dimensional
intracellular aggregation analysis of LINCL fibroblasts treated with
fluorescent CPS NPs and CPS-SL NPs (normalized treatment
concentrations; 72 h). B) Ceroid lipopigment accumulation evaluated
by quantifying the average mean pixel intensity in LINCL fibroblasts
treated with CPS NPs and CPS-SL NPs (normalized treatment
concentrations; 72 h) normalized by the average mean pixel intensity
of untreated cells. Data reported as mean = SD (n > 3; p < 0.05).
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(normalized treatment concentrations; 72 h) and cell
autofluorescence quantified using confocal microscopy. As
expected, accumulation of ceroid lipopigment was reduced by
21% in cells treated with CPS NPs compared to untreated cells
(p < 0.05; Figure 7B), which are known to induce activation of
autophagy, resulting in enhanced clearance.'” Treatment with
NP-peptide mixtures resulted in a reduction in accumulation of
ceroid lipopigment only in cells treated with 0.15% CPS-SL
NPs (21%, p < 0.0S; Figure 7B). Treatment with 1.5% CPS-SL
NPs did not affect the accumulation of ceroid lipopigment, and
treatment with 15% CPS-SL NPs resulted in a 50% increase in
the accumulation of ceroid lipopigment compared to untreated
cells (p < 0.001; Figure 7B). These results are consistent with
the observation that NP-peptide mixtures that form aggregates
upon cellular internalization (15% SL NPs, Figure 7A) cause
blockage of the autophagic flux.

Bl CONCLUSIONS

Nanoparticle colloidal dispersions are prone to aggregation in
biological fluids.”® In cell culture media commonly used for in
vitro studies, electrolytes disrupt the repulsion caused by the
electric double layer around nanoparticles,””" while the high
concentration of proteins can stabilize nanoparticle colloidal
dispersions through the formation of the protein corona.””~*'
Upon cellular internalization through the endolysosomal
compartment, nanoparticles accumulate in a more complex
environment characterized by more acidic pH.”® Nanoparticle
aggregation that occurs upon accumulation into the complex
cellular milieu may affect the physicochemical properties of
nanoparticle systems and the consequent cellular response.
The autophagic response to nanoparticle internalization, which
is potentially important in shaping the cytotoxic effect of
nanoparticles,'’ ~*" seems to depend largely on the nano-
particle aggregation behavior.'**

In this study, we characterized the autophagic response to a
NP-peptide mixture system (100 nm CPS NPs mixed with a
multidomain peptide)’®” that presents peptide-dependent
aggregation behavior. Cellular internalization of NP-peptide
mixtures resulted in activation of TFEB in a peptide
concentration-dependent fashion. Interestingly, formation of
NP-peptide aggregates that occurred upon cellular internal-
ization also resulted in blockage of autophagic flux. The NP-
peptide aggregates were found to not disrupt lysosome
integrity and autolysosome formation but to colocalize with
autolysosomes, suggesting that intracellular aggregation of NP-
peptide mixtures may increase nanoparticle biopersistence and
that the observed disruption of autophagic flux may result from
impairment of autophagic lysosome reformation.'">">
Cellular internalization of NP-peptide mixtures that aggregate
extracellularly is not followed by an increase in aggregation
intracellularly and does not result in further blockage of
autophagic flux. Finally, the observation that accumulation of
autophagic cargo in an in vitro model system of lysosomal
storage is exacerbated upon internalization of NP-peptide
mixtures that aggregate intracellularly suggests that blockage of
autophagic flux caused by formation of intracellular nano-
particle aggregates results in reduction in autophagic clearance.
These results reconcile previously reported observations of the
effect of nanoparticle aggregation on autophagy'**° and
underscore the need to evaluate colloidal stability in complex
biological environments as part of the design of nanoparticles
for biomedical applications.
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B MATERIALS AND METHODS

Nanoparticles and Cell Cultures. Carboxylated poly-
styrene nanoparticles (CPS NPs) were purchased from
Magsphere (CA100NM, CAF100NM).

HeLa cells stably transfected to overexpress TFEB-3xFLAG
(HeLa/TFEB) were a gift from Dr. Sardiello (Baylor College
of Medicine).”” Wild-type fibroblasts and fibroblasts derived
from patients with late infantile neuronal ceroid lipofuscinosis
(LINCL cells) were obtained from Coriell Cell Repositories
(GMO00498 and GM 16486, respectively). HeLa cells (ATCC),
HeLa/TFEB cells, wild-type fibroblasts, and LINCL cells were
cultured using Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with fetal serum albumin (FBS, 10% HeLa cells,
20% fibroblasts) and 1% penicillin-streptomycin-glutamine
(PSQ). HeLa/TFEB cells were selected using G418 (1 mg/
mL). LINCL cells were supplemented with 1X Non-Essential
Amino Acids (NEAA, Lonza). Cells were cultured at 37 °C in
5% CO, and passaged using TrypLE Express.

NP-Peptide Mixtures Preparation and Character-
ization. SL and SA peptides were generously provided by
Dr. Hartgerink (Rice University). NP-peptide mixtures (CPS-
SL, CPS-SA) were prepared from 10 mg/mL suspensions of
the CPS NPs in ultrapure DI water (18.2 MQ-cm). The NP
suspensions were mixed with varying amounts of a 3 mg/mL
solution of peptide to an NP concentration of 5 mg/mL and
w/w peptide/NP ratios of 0.15%, 1.5%, and 15%.

Particle hydrodynamic diameter measurements of NP-
peptide mixtures were obtained with DLS using a Malvern
Instruments Zen 3600 Zetasizer system. Stock suspensions of §
mg/mL NPs in ultrapure water were probe sonicated for 30 s
and diluted to an NP concentration of 50 pg/mL in
appropriate buffers.

NTA measurements were performed with a Malvern
Instruments NanoSight NS 300 equipped with a 488 nm
laser. Stock suspensions of S mg/mL NPs in ultrapure water
were diluted to NP concentrations of 0.5 and 5 pg/mL in
appropriate buffers.

Cellular Uptake. The cellular uptake of the NP-peptide
mixtures was measured by monitoring cell fluorescence using a
fluorescence plate reader or a flow cytometer. Fluorescence
plate reader measurements were obtained as previously
described.”® Briefly, cells were seeded onto 96-well plates (5
X 10° cells/well), treated with fluorescent NP-peptide mixtures
for 24 h, washed with PBS, and incubated in acidic solution
(50 mM glycine, 100 mM sodium chloride, 2 mg/mL
polyvinylpyrrolidone (MW: 40k, pH 3) to remove NPs
binding to the cell membrane as previously described.®!
Cells were then washed with DI water and lysed with complete
lysis-M buffer containing a protease inhibitor cocktail (Roche).
The fluorescence intensity of the cell lysate was quantified
using a SpectraMax Gemini plate reader (Molecular Device)
(excitation 488 nm, emission 530 nm).

Flow cytometry measurements were conducted by seeding
cells onto 12-well plates (6 X 10* HeLa cells/well, 10 X 10*
fibroblasts/well). Cells were treated with fluorescent NP-
peptide mixtures for 24 h, washed twice, and collected with
PBS. Cell fluorescence was measured using a BD FACSCanto
II flow cytometer with a 488 nm Argon laser and a 520 nm
emission filter.

Cell Viability. Cells were seeded onto 96-well plates (4 X
10? cells/well) and treated with NP-peptide mixtures for 24 h.
Cell viability was quantified using the CellTiter 96 Aqueous
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One Solution Cell Proliferation Assay (Promega) according to
the manufacturer’s instructions.

Immunofluorescence. Immunofluorescence studies were
conducted as previously described.'>*? Briefly, cells were
seeded as specified for each experiment, cultured in the
presence of NP-peptide mixtures, and fixed with 4%
paraformaldehyde (1S min) or 10% formaline (10 min) as
indicated in each experiment. Cells were then permeabilized
with 0.1% Triton X-100 (5 min) and incubated with 8% BSA
in PBS (30 min). Images were obtained with a Nikon A-1
confocal microscope and the Nikon NIS Element C imaging
software.

TFEB subcellular localization studies were conducted as
previously described.” Briefly, HeLa/TFEB cells were seeded
on glass coverslips in 24-well plates (7.5 X 10° cells/well),
treated with fluorescent CPS-SL NPs for 24 h, and fixed with
paraformaldehyde. Cells were incubated with anti-FLAG
antibody (rabbit Sigma F7425; 1:1000) overnight at 4 °C,
washed three times with 0.1% Tween-20 in PBS, and incubated
with the secondary antibody (goat anti-rabbit Rockland 611-
142-002; 1:500) for 2 h at room temperature. The nucleus was
stained using a Hoechst nuclear stain. Image processing and
colocalization analyses were conducted using the JACoP
plugin® in Fiji.”® The fraction of nuclear TFEB was quantified
by calculating the Mander’s colocalization coefficient (fraction
of TFEB that colocalized with the Hoechst nuclear stain) for
each image. The percentage of cells presenting TFEB nuclear
localization was determined by calculating the number of cells
displaying higher nuclear than cytoplasmic localization of
TFEB.

Colocalization of LC3 and LAMP and CLTA and LAMP
was evaluated as previously described.'”” Briefly, HeLa cells
were seeded on glass coverslips in 24-well plates (7.5 X 10°
cells/well), incubated with fluorescent NP-peptide mixtures for
24 h, and fixed with paraformaldehyde. Cells were incubated
overnight at 4 °C with primary antibodies (rabbit anti-LC3
Novus Biological NBP2-46892SS; 1:2000, or rabbit anti-CLTA
Proteintech 10852-1-AP; 1:500, and mouse anti-LAMP-2
BioLegend 354301; 1:2000), washed three times with 0.1%
Tween-20 in PBS, and incubated with appropriate secondary
antibodies (goat anti-rabbit Rockland 611-142-002; 1:500 and
goat anti-mouse KPL 072-05-18-06; 1:500) for 2 h at room
temperature. The nucleus was stained using a Hoechst nuclear
stain. Image processing and colocalization analyses were
conducted using the JACoP plugin in Fiji. LC3-LAMP
colocalization was quantified by calculating the Mander’s
colocalization coefficient (fraction of LAMP2 signal that
colocalizes with LC3 signal) for each image. The number of
LC3 puncta and number of NP aggregates per cell were
determined by thresholding images and using the “analyze
particles” function in Fiji. Colocalization of NP aggregates with
LC3 and LAMP was quantified by calculating the Mander’s
colocalization coefficient (fraction of NP aggregates that
colocalize with LC3 and LAMP) for each image.

For the analyses of intracellular NP aggregates, HeLa cells
were seeded on glass coverslips in 24-well plates (7.5 X 10°
cells/well), treated with fluorescent CPS-SL NPs for 24 h, and
fixed with paraformaldehyde. Cells were incubated with anti-
LC3 antibody (rabbit Novus Biological NB100-2220; 1:2000)
overnight at 4 °C, washed three times with 0.1% Tween-20 in
PBS, and incubated with secondary antibody (goat anti-rabbit
Rockland 610-143-002; 1:500) for 2 h at room temperature.
The cytoskeleton was stained using the ActinRed 555
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ReadyProbes Reagent (Invitrogen). The volume of the three-
dimensional NP structures was determined by analyzing stacks
of confocal sections of single cells using the IMARIS software
package (Bitplane). The area of interest (cell) was manually
defined using the cytoskeleton stain, and the analysis of NP
structures was restricted to this area of interest by creating a
mask. The surface detection tool was used to create 3D
structures based on the fluorescence intensity of the NP signal.
To select distinct NP structures above background fluores-
cence, the threshold of fluorescence intensity for the NP signal
was determined using image stacks of cells treated with bare
NPs (without peptide), and this threshold was applied to the
analysis of all samples. The volume of each NP structure was
calculated from the sum of positive voxels above the
threshold.* The average volume of the in-cell 3D NP
structures for each treatment condition was obtained from
the mean volume of 3D structures in >10 cells per treatment
from three biological replicates of each treatment.

To quantify NP aggregation and the accumulation of ceroid
lipopigment in LINCL fibroblasts, fibroblasts were seeded on
glass coverslips in 24-well plates (S X 10* cells/well), treated
with CPS-SL NPs for 72 h, and fixed with formaline. The
nucleus was stained using the Hoechst nuclear stain. Image
analysis was conducted using Fiji. The size of NP aggregates
per cell was determined by thresholding images and using the
“analyze particles” function in Fiji. The accumulation of ceroid
lipopigment was quantified by calculating the average mean
pixel intensity of at least 30 cells per sample in 8-bit images.

Western Blot Analyses. Hela cells were seeded onto 10
mL dishes (60 X 10* cells/dish) and incubated with NP-
peptide mixtures for 24 h. Cells were collected and lysed with
complete lysis-M buffer containing a protease inhibitor cocktail
(Roche). Total protein concentrations were determined using
the Bradford assay, and 40 ug of protein from each sample was
separated by 15% SDS-PAGE. Western blot analyses were
conducted using primary antibodies (rabbit anti-LC3, Novus
Biologics NB-100-2220; 1:1000 and mouse anti-GAPDH
Santa Cruz Biotechnology sc-47724 1:5000) and appropriate
secondary antibodies (anti-rabbit Santa Cruz Biotechnology
$c-2004; 1:5000 and anti-mouse Santa Cruz Biotechnology sc-
2005; 1:5000). Imaging was performed using a LAS 4000
Imager (Fujifilm), and relative band densities were determined
using Fiji.

Lysosomal Integrity. Lysosomal integrity was analyzed
using acridine orange as previously described.” HeLa cells
were seeded onto 12-well plates (6 X 10* cells/well), treated
with NP-peptide mixtures for 24 h, and subsequently
incubated with S yg/mL acridine orange for 15 min. Samples
were analyzed by flow cytometry using a 488 nm argon laser
and 520 and 660 nm emission filters.

Statistical Analysis. All data are presented as mean + SD
(n > 3), and statistical significance was calculated using one-
way analysis of variance followed by Dunnett’s test for
comparisons to untreated samples and the posthoc Tukey’s
test for comparisons between samples, unless stated otherwise.
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