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ABSTRACT: | Several diseases exhibit a high degree of heterogeneity and
diverse reprogramming of cellular pathways. To address this complexity,
additional strategies and technologies must be developed to define their
scope and variability with the goal of improving current treatments.
Nanomedicines derived from viruses are modular systems that can be easily
adapted for combinatorial approaches, including imaging, biomarker
targeting, and intracellular delivery of therapeutics. Here, we describe a
“designer nanoparticle” system that can be rapidly engineered in a tunable
and defined manner. Phage-like particles (PLPs) derived from bacter-
iophage lambda possess physiochemical properties compatible with
pharmaceutical standards, and in vitro particle tracking and cell targeting are accomplished by simultaneous display of
fluorescein-5-maleimide (F5M) and trastuzumab (Trz), respectively (Trz-PLPs). Trz-PLPs bind to the oncogenically active
human epidermal growth factor receptor 2 (HER2) and are internalized by breast cancer cells of the HER2 overexpression
subtype, but not by those lacking the HER2 amplification. Compared to treatment with Trz, robust internalization of Trz-PLPs
results in higher intracellular concentrations of Trz, prolonged inhibition of cell growth, and modulated regulation of cellular
programs associated with HER2 signaling, proliferation, metabolism, and protein synthesis. Given the implications to cancer
pathogenesis and that dysregulated signaling and metabolism can lead to drug resistance and cancer cell survival, the present
study identifies metabolic and proteomic liabilities that could be exploited by the PLP platform to enhance therapeutic
efficacy. The lambda PLP system is robust and rapidly modifiable, which offers a platform that can be easily “tuned” for broad
utility and tailored functionality.
KEYWORDS: viral nanotechnology, biomedical engineering, precision medicine, breast cancer, HER2 signaling, metabolic reprogramming,
omics technologies

Viruses are protein complexes that naturally assemble
into nanoparticles via a caged architecture (capsid)
that is optimized for intracellular delivery of protein

and nucleic acid cargo to specific targets in biological
systems.1−3 From a bionanomaterial standpoint, the innate
propensity to form soluble, monodisperse structures with
defined but tunable symmetry makes viruses highly attractive
platforms that can be repurposed for the targeted delivery of
diagnostic and therapeutic (theranostic) payloads.4−6 How-
ever, the success of viral nanoparticles (VNPs) derived from
eukaryotic viruses (e.g., retroviridae, adenoviridae) has been
tempered by safety concerns related to pathogenicity,
immunogenicity, and toxicity.7,8 In this regard, platforms
developed using bacteriophages (phages) offer distinct

advantages,9,10 such as being noninfectious to mammalian
cells11 and biocompatible in vivo (animal models,12,13

humans14,15) and having the capacity to be economically
prepared in large-scale industrial processes.16

Phages have historically been used as model organisms to
study basic molecular mechanisms of genetic regulation and
virus assembly.2,17 Additionally, they form the foundation of
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common research technologies (e.g., gene expression systems,
phage display)2,4 and have been employed as therapeutic
agents (e.g., phage therapy15,18). Diverse genetic and chemical
approaches have been implemented in adapting phage systems
for nanoscale engineering of phage-like particles (PLPs).7,10

The PLP capsid functions as a prefabricated nanoscaffold
whose exterior can be modified to display large and small
molecules. For example, PLPs derived from phages P22,
lambda, T4, AP205, and MS2 have been used to display
foreign proteins and peptides such as (i) transmembrane
signaling cytokine CD154 and peptides derived from CD154
and CD47;5 (ii) transferrin,19 GFP,20 and peptides derived
from aspartate β-hydroxylase21 and human epidermal growth
factor receptor 2 (HER2);22,23 (iii) β-galactosidase and Y.
pestis antigens;12 (iv) E. coli maltose binding protein, P.
falciparum antigens and peptides derived from mutant
sequences of human telomerase reverse transcriptase and
human epidermal growth factor receptor 1 (HER1);24 and (v)
aptamers against Jurkat leukemia T-cells.25 Additionally,
filamentous phage systems (e.g., M13, fd) have been
simultaneously modified with polymer chains, imaging groups,
and antibody fragments to HER1 and HER2.26 In all cases,
PLP surface functionalization was accomplished by genetic or
chemical modification of proteins that form or are associated
with the capsid structure (capsid proteins, decoration proteins,
nonessential outer capsid proteins). Further, the PLP interior
can be used to encapsulate and protect sensitive payloads such
as enzymes (e.g., alcohol dehydrogenase by P22,27 superoxide
dismutase by Qβ28), small molecules (e.g., imaging agents and
organic compounds by P2229,30), and nucleic acids (e.g., DNA
molecules by T412 and lambda,20 functional RNAs by Qβ31

and φ2932).
Our lab has developed a “designer” lambda PLP platform.33

When coexpressed in E. coli, the lambda major capsid protein
(gpE) and scaffolding protein (gpNu3) self-assemble into
spherical PLPs (∼50 nm).34 These precursor shells (Naked
PLPs) are then artificially expanded in vitro to yield icosahedral
shells (∼60 nm) composed of 420 copies of gpE, which
resemble the expanded capsid of the infectious phage during
DNA packaging.35 Naked PLPs are stabilized by the addition
of the decoration protein (gpD), which assembles as trimeric
spikes at the 3-fold axes of the icosahedron (140 trimers, 420
copies);36,37 particles decorated entirely with wild-type gpD
are referred to as WT PLPs. Notably, N- and C-terminal fusion
constructs of gpD have been utilized with great success in
lambda phage display applications,4,38 and heterologous
genetic fusion constructs can also be used in our platform to
decorate the shell exterior in vitro.20 Further, we have
engineered a gpD variant to contain a sole cysteine residue
(gpD(S42C)) that can be chemically modified with non-
proteinaceous molecules (e.g., polyethylene glycol, mannose)
and subsequently used to decorate PLPs.20 Lambda PLPs can
thus be decorated with modified gpD proteins, alone or in
combination, to display various molecules (biological,
synthetic) in defined surface ratios.20,33

In the present study, we describe a potential theranostic
platform of lambda PLPs that simultaneously display an
imaging probe (fluorescein-5-maleimide, F5M) and a biologic
(trastuzumab, Trz), which are referred to as Trz-PLPs. F5M
was incorporated due to its biocompatibility and use as a
common model of anionic fluorophores,39 whereas Trz enables
targeting of cancer cells with the HER2 amplification.40 Of
note, Trz (Herceptin; Genentech; South San Francisco, CA,

USA) was designed to selectively target the extracellular
domain (domain IV)41 of HER2 (also known as CD340 and
ErbB2, Erb-B2 receptor tyrosine kinase 2), which is frequently
overexpressed in breast, gastric, and esophageal cancers42 and
correlates with a poor clinical prognosis.40,43 This biologic
became the standard first-line treatment for HER2-positive
(HER2+) metastatic breast cancer after seminal studies by
Slamon44 and others40,45 demonstrated that Trz administered
alone or in combination with chemotherapeutic drugs results
in significant tumor regression and enhanced patient survival.46

Despite the substantial achievements of HER2-targeted
therapies, challenges in cancer treatment remain, including
systemic toxicity and intrinsic and acquired resistance to
current therapeutics.43,47 This necessitates fundamental inves-
tigations to develop additional technologies for sole and/or
combination therapies in this setting.
As a proof of concept, we first show that purified PLP

preparations possess physiochemical properties that comply
with pharmaceutical standards. We then characterize the
biological consequences of HER2 receptor binding relative to
free Trz (native gold-standard) using breast carcinoma cell
lines. We demonstrate that robust internalization of Trz-PLPs
by HER2+ cells results in higher intracellular concentrations of
the modified biologic and affects several cellular programs,
including altering the metabolic and proteomic landscapes of
HER2+ cells. These studies inform the rational design of the
lambda PLP system and confirm that this platform can be
utilized to elicit changes in biological function that could
benefit cancer therapy.

RESULTS AND DISCUSSION
Engineering Fluorescent, HER2-Targeting PLPs. The

development of multifunctional nanoparticles is not only of
technological interest, nanoparticle platforms also have the
potential of addressing key shortcomings of current therapies
(e.g., systemic toxicity, onset of multidrug resistance).48,49

Virus-based nanomaterials present diverse candidates for the
development and improvement of nanomedicines7,50 and have
been widely used as vaccines and gene delivery vectors since
the 1970s.9,51 The nanoparticle platform presented here
demonstrates the utility of lambda-derived PLPs as a potential
cancer therapeutic. The engineering of lambda PLPs using
both genetic and chemical approaches is shown schematically
in Figure 1A. The shell exterior can be diversely modified with
biological, organic, and/or synthetic molecules in defined
display densities, highlighting the versatility of the platform.
To track lambda PLPs in cell-based assays, we first

constructed a fluorescent decoration protein (D-F5M) by
chemical cross-linking of F5M to the sole cysteine residue in
gpD(S42C), as outlined in Figure 1B-1. Stoichiometric
labeling was confirmed by denaturing polyacrylamide gel
electrophoresis (SDS-PAGE) (Supplementary Figure S1A, lane
3) and mass spectrometry (data not shown). To incorporate
receptor specificity in the design, we next constructed a HER2-
targeting decoration protein (D-Trz) using Trz and a
maleimide-succinimidyl valerate bifunctional cross-linker (Fig-
ure 1B-2). Size-exclusion chromatography (SEC) was used to
purify Trz, gpD, D-F5M, and D-Trz, and the chromatograms
are presented in Figure S1B. Whereas the synthesis of the
fluorescent construct is constrained by the reactivity of a single
residue (site-specific modification), D-Trz results in a
heterogeneous mixture due to the chemical modification of
the biologic by lysine amide coupling. Considering that Trz
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contains 90 lysine residues, a single antibody likely contains
multiple gpD adducts. Indeed, the protein-banding pattern
obtained for D-Trz reveals three distinct bands with relative
molecular weights of 39, 62, and 120 kDa (Figure S1A, lane 7).
This suggests that Trz modified with gpD(S42C) contains a
single gpD addition on the light chain and at least two gpD
additions on the heavy chain; thus, we estimate that there are
an average of 3−6 decoration proteins per antibody. While the
chemical modification of Trz was successful and FDA-
approved antibody−drug conjugates employing the same
strategy have an average drug-to-antibody ratio of 3.5−4
drug molecules per antibody,52,53 we acknowledge the
limitations of using a native IgG molecule as the targeting
ligand. For instance, antibodies are large molecules (∼150
kDa) that contain multidomain architectures with binding sites
for proteins involved in complement activation and antibody
recognition.54 We are currently developing gpD−affibody
constructs (<20 kDa) as cell-targeting moieties54,55 to curtail
some of these pharmaceutical concerns.
Next, purified PLPs were simultaneously decorated with

25% D-F5M and 0.5−30% D-Trz to generate Trz-PLPs with
various surface densities of the biologic, as outlined in Figure
1C. Surface density is denoted as a percentage based on the
total number of gpD copies that are required for full occupancy
of the gpD binding sites (420 total) on the shell surface.
Therefore, the surface of Trz-PLPs contains approximately 105
copies of D-F5M and 2−126 copies of D-Trz per particle, with
the remaining gpD binding sites filled using wild-type gpD. As
controls for particle preparations, PLPs were decorated entirely
with wild-type gpD (WT PLPs) or 25% D-F5M (F5M-PLPs;

remaining gpD binding sites occupied by wild-type gpD).
Decorated PLPs were purified by SEC (Figure S1C,D) and
stored at 4°C until use. No changes to particle composition or
functionality were observed after 4 months of storage. Of note,
the lambda PLP platform described here can be rapidly
redesigned to include other or additional multimodality
probes, biologics, and/or compounds. This includes replacing
the fluorophore used with an IR dye more amenable to in vivo
imaging56 and the addition of synthetic polymers to improve
pharmacokinetic parameters,57 enzymatic inhibitors to inhibit
specific protein−protein interactions,47,58 and/or cytotoxic
agents to enhance the therapeutic effect,59 as depicted in
Figure 1A.

Characterization of Trz-PLPs. The physiochemical
properties of PLP preparations were characterized by multiple
approaches. Agarose gel electrophoresis (AGE) and SDS-
PAGE analyses demonstrate that the surface densities of both
gpD constructs (D-F5M, D-Trz) can be adjusted in a defined
manner, and constructs remain associated with the shells after
purification (Figure 2A,B). Transmission electron microscopy
(TEM) reveals homogeneous particle dispersions of decorated
PLPs that retain icosahedral symmetry (Figure 2C). Unlike
WT PLPs, Trz-PLPs display a density that projects further
from the shell surface and that matches the morphology of free
Trz. We also note the formation of a protein corona in Trz-
PLP preparations that becomes denser as the surface density of
D-Trz is increased and results in increases of up to 16 nm in
overall particle diameter (Table S1). This confirms that D-Trz
can effectively be used to decorate PLPs.

Figure 1. Lambda phage-like particle (PLP) platform. (A) Cryo-electron microscopy reconstruction of the expanded phage lambda capsid
lattice, showing only the density from the decoration protein assembled as trimeric spikes at the quasi 3-fold axes (420 copies of gpD).
Crystal structure of a single gpD trimer (PDB #1C5E) is shown to the right in cartoon representation and modified to display the serine to
cysteine mutation (red spheres) of the gpD variant (gpD(S42C)). Wild-type gpD, gpD fusion constructs (D:X), and chemically modified
gpD(S42C) constructs (D-Y) can be used, alone or in combination, to decorate the shell surface of lambda PLPs in a defined manner to
engineer multifunctional particles. (B) We focus on chemical modification of gpD(S42C) to generate constructs containing a reporter
(fluorescein-5-maleimide, F5M) or biologic (trastuzumab, Trz), as demonstrated by the reaction schematics using (1) thiol-maleimide
chemistry to yield D-F5M and (2) lysine amide coupling followed by thiol-maleimide chemistry to yield D-Trz. (C) PLPs were then
simultaneously decorated with these constructsTrz-PLPs (25% D-F5M, 0.5−30% D-Trz)to examine the theranostic potential of the
lambda PLP platform.
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Changes to particle size were corroborated by dynamic light
scattering (DLS) analysis, as indicated by the higher
hydrodynamic size of Trz-PLPs (Table S1, Z-average (Z-
ave), intensity size distribution (int size dist)). Additionally,
Table S1 shows that Trz-PLPs (≤6% D-Trz) are characterized
by a polydispersity index (PDI) that ranges from 0.08 ± 0.01
to 0.18 ± 0.01, indicating that these particle preparations have
a high degree of homogeneity (acceptable by pharmaceutical
standards60). For Trz-PLPs (≥10% D-Trz), the PDI ranges
from 0.52 ± 0.05 to 0.25 ± 0.05. This increase in PDI is often
associated with particle heterogeneity and/or sample aggrega-
tion; however, we note that Zetasizer measurements were
acquired in water, and low ionic strength conditions can
promote particle self-association. No evidence of particle
aggregation was observed by TEM, including particle
preparations containing more than 6% D-Trz (Table S1,
size). Additionally, no turbidity is observed for particles stored
short-term in serum (24 h) or long-term in buffered solutions
(>4 months) at 4 °C. Hence, the data suggest that higher ionic
strength conditions are required for particle stability in liquid
dispersions.
Given the inherent chemical properties of the gpD

constructs, we anticipated an effect on overall particle charge.
Indeed, this was qualitatively demonstrated by the altered
migration of decorated particles during AGE (Figure 2A) and
quantified by electrophoretic light scattering (ELS) analysis
(Table S1, zeta potential (ZP)). Consistent with the presence

of negatively charged fluorescein molecules on the particle
surface, F5M-PLPs are characterized by a ZP that decreases
from −19.3 ± 0.3 mV to −26.8 ± 6.9 mV, as compared to WT
PLPs (Table S1). For Trz-PLPs (0.5−30% D-Trz), the ZP
ranges from −25.8 ± 0.7 mV to −6.0 ± 0.4 mV (Table S1).
The increased positive charge is consistent with increasing the
surface density of D-Trz on the particle surface (the isoelectric
point of Trz, gpE, and gpD is 8.5, 5.3, and 5.5, respectively).
Notably, factors such as particle charge have critical roles in
particle−cell interactions: more cationic particles can lead to
increased membrane destabilization, and a net positive particle
surface charge aids in binding the negatively charged plasma
membrane.61 Therefore, we maintain an interest in character-
izing how other molecules could influence the surface
chemistry of lambda PLPs, which may elucidate other ways
in which the platform can be manipulated to optimize certain
biological responses.

Trz-PLPs Are Internalized by HER2+ Cells. A useful
theranostic particle requires that biomolecules bound to the
capsid surface remain functionally active; thus, to assess the
functionality of chemically modified Trz (D-Trz), cell-based
assays were employed using human breast carcinoma cell lines
(SKBR3, HER2+ cells; MDA-MB-231, HER2− cells). Each cell
line was treated with 2 μM free Trz or 2 nM Trz-PLPs (1% or
30% D-Trz). This was equivalent to either 291 μg/mL free or
1.7 and 50.7 μg/mL PLP-bound Trz. After 3 h at 37 °C, the
cells were washed, fixed, and immunostained with Alexa Fluor

Figure 2. Characterization of decorated lambda PLPs. PLPs were decorated using mixtures of gpD proteins and purified by SEC. (A)
Purified particles were fractionated by AGE and visualized by Coomassie Blue staining (left) and fluorescence (right). Lanes: (1) F5M-PLPs
(25% D-F5M); (2−9) Trz-PLPs (25% D-F5M and either 0.5%, 1%, 2%, 4%, 6%, 10%, 20%, or 30% D-Trz); (10) Trz (free, native). (B) SDS-
PAGE analysis of purified PLPs visualized by Coomassie Blue staining (top) and fluorescence (bottom). Lanes 1−10 were loaded in the
same order as (A). The migration of Trz heavy and light chains (Trz HC, Trz LC), the lambda major capsid and decoration proteins (gpE,
gpD), and D-F5M are indicated. (C) Electron micrographs of purified materials at 120 000× magnification (enlarged view, inset). Black
scale bars represent 100 nm. White arrows indicate the density attributed to D-Trz on the surface of Trz-PLPs (visible ≥4% D-Trz).
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594 anti-human IgG to visualize both free and chemically
modified Trz (red). Cell nuclei were stained using Hoechst
33342 (blue); no staining was required for detection of Trz-
PLPs due to the presence of D-F5M (green). Confocal
fluorescence microscopy reveals that (i) neither Trz (free) nor

Trz-PLPs bind HER2− cells at detectable levels; (ii) Trz binds
to HER2+ cells and remains primarily localized to the plasma
membrane; (iii) Trz-PLPs similarly bind HER2+ cells but are
subsequently internalized to afford a punctate fluorescence
pattern throughout the cell interior; (iv) merged fluorescence

Figure 3. Trz-PLPs are internalized by breast cancer cells of the HER2 overexpression subtype. Confocal fluorescence microscopy was
performed on breast cancer cells after treatment with 2 μM free Trz or 2 nM Trz-PLPs (magnification, 40×; scale bars, 50 μm), as described
in Methods. Fluorescence signals: Trz and Trz-PLPs (red); cell nuclei (blue); Trz-PLPs (green). (A) Representative images of HER2+ cells
(top) and HER2− cells (bottom) after treatment captured at the median Z-plane of the nucleus and with the fluorescence signals merged
(spectral overlap, yellow-orange). (B) Z-series were collected of treated cells, and the Z-profile was plotted to determine the optical section
at which the fluorescent signal associated with the nucleus was maximal. Orthogonal projections were then generated to show cellular
localization, as demonstrated by the X−Z and Y−Z projections shown at the bottom and to the left of the central representative image,
respectively. The yellow line in the central image indicates the orthogonal planes of the X−Z and Y−Z projections.
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images of HER2+ cells treated with Trz-PLPs suggest that D-
F5M (green) and D-Trz (red) colocalize within the cell
(spectral overlap, yellow-orange); and (v) increasing the
surface density of D-Trz on Trz-PLPs correlates with increased
intracellular levels of Trz (Figure 3). Control studies confirm
that chemical modification of Trz does not alter its HER2
specificity or its cellular localization (Figure S2A). Addition-
ally, F5M-PLPs do not appreciably interact with either cell line
(even in the presence of Trz), nor do they affect the capacity of
Trz to bind HER2 (Figure S2A). Lastly, both Trz and D-Trz
strongly inhibit Trz-PLP internalization by HER2+ cells
(Figure S2B), which indicates a competitive binding
interaction. In summary, we conclude that Trz-PLPs
specifically bind the HER2 receptor, and robust particle
internalization requires physical association of Trz with the
PLP surface.
Quantitative Assessment of Trz-PLP Internalization

by HER2+ Cells. To quantify cellular uptake by HER2+ cells,
we used an Incucyte system for automated image acquisition
and analysis. This allowed for particle−cell interactions of a
broader range of Trz-PLPs (0.5−30% D-Trz, equivalent to
0.8−50.7 μg/mL PLP-bound Trz) to be interrogated in a more
high-throughput manner. The data presented in Figures 4A
and S3A reveal a similar fluorescence pattern to that observed
by confocal microscopy, in which Trz is densely concentrated
on the cell periphery but Trz-PLPs are distributed throughout

the cell. In support of the previous findings that the “dose” of
Trz delivered to the cell interior can be regulated via shell
surface functionalization, merged images show a fluorescence
that transitions from green to yellow-orange as the surface
density of D-Trz on Trz-PLPs is increased (Figures 4A, third
row, and S3A). Additionally, while the levels of green
fluorescence do not vary appreciably between particle types
(all Trz-PLPs are decorated with 25% D-F5M), the levels of
red fluorescence increase as a function of D-Trz surface density
(Figure 4B). This corroborates an apparent intracellular
accumulation of the modified biologic. A colocalization
analysis was performed to calculate the area of spectral overlap
for the two fluorescence signals, which suggests a high degree
of colocalization in particle treatment groups containing ≥6%
D-Trz (Figure 4C); refer to Figure S3B for fluorescence data
reported in spectral counts.
As part of our omics approaches for characterizing the

biological responses to Trz-PLPs (vide inf ra), proteomics data
reveal the presence of immunoglobulin constant regions
(heavy chain, IGHG1; light chain, IGKC) associated with
HER2+ cells treated with either Trz or Trz-PLPs; refer to
Table S2 for the full proteomics report and Figure S4 for data
providing an overview of proteomics findings. Given that
antibody constituents are not found in nai  ve cells and that Trz
binds the HER2 receptor with high affinity (KD 1.8−5
nM40,62), the levels of these proteins provide a direct

Figure 4. Trz-PLP internalization leads to an intracellular accumulation of D-Trz. (A−C) Incucyte system analysis of HER2+ cells treated
with 2 μM free Trz or 2 nM Trz-PLPs in 12 replicates. (A) High-throughput cell imaging was performed by the system prior to analysis
(magnification, 40×; scale bars, 100 μm). The rows for representative images show the following: (1) fluorescence signal from Trz-PLPs
(green); (2) fluorescence signal from Trz and Trz-PLPs (red); (3) merged fluorescence signals (spectral overlap, yellow-orange); (4)
merged fluorescence and phase contrast images with a mask (blue) applied to outline areas of spectral overlap. An enlarged view of a single
cell is provided in the merged images (inset). (B) The mean intensity of fluorescence signals was quantified, and plots are shown for a subset
of treatment groups (green, left; red, right). (C) The area of spectral overlap was quantified and plotted to compare colocalization of
fluorescence signals across treatment groups. (D) Proteomics was conducted on HER2+ cells treated with 150 nM free Trz or 2 nM Trz-
PLPs in triplicate. Levels of immunoglobulin constant regions were used to confirm the presence of Trz and D-Trz (IGHG1 protein (heavy
chain), left; IGKC protein (light chain), right). For all plots (B)−(D), error bars are represented as ±SEM derived from replicates. p-Values
from a one-way repeated measures ANOVA, followed by a Dunnett’s multiple comparison test, are shown as *p < 0.05; **p < 0.01; ***p <
0.001. The control group in the Dunnett test (Mock/Trz) is denoted by a black or red asterisk, respectively.
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measurement of the abundancy of Trz associated with HER2+

cells after treatment. Figure 4D demonstrates that the levels of
cell-associated IGHG1 and IGKC increase as the surface
density of D-Trz is increased on Trz-PLPs. In combination
with the fluorescence data, we conclude that Trz-PLPs can be
used for intracellular delivery of complex biologics (e.g.,
antibodies) and that the delivered dose can be controlled by
exterior modification of PLPs.
Trz-PLP Toxicity and Effects on Cellular Redox

Homeostasis. We used two methodologies to evaluate the
toxicity of PLP preparations on both HER2− and HER2+ cells.
First, a luminescent cytotoxicity assay was conducted to
measure dead-cell protease activity due to the destabilization of
the cellular membrane integrity upon death.63 Neither Trz,
Naked PLPs, nor Trz-PLPs affect the viability of either cell line
(Figure S5A). We next employed the MTT assay to measure
effects on cellular viability due to metabolic perturbations of
cellular NADH flux by NADH-dependent oxidoreductases.64

The metabolic activity of both cells lines is negatively affected
by treatment with both free and PLP-bound Trz when the
concentration of the biologic exceeds 16 μg/mL (Figure S5B).

To glean mechanistic insight on the effect on cellular
metabolism for HER2+ cells, we characterized impacts to the
metabolome and proteome after treatment with either Trz or
Trz-PLPs; refer to Table S3 for a comprehensive metabolomics
report and Figure S6 for an overview of metabolomics findings.
For these experiments, the concentration of Trz was decreased
to 20 μg/mL to better approximate the dose associated with
Trz-PLPs (1%, 6%, and 20% D-Trz, equivalent to 1.7−33.8
μg/mL PLP-bound Trz). We focused on HER2+ cells since
neither binding of the HER2 receptor nor particle internal-
ization was detected in HER2− cells. Metabolomics reveals that
HER2-targeted treatment (i.e., treatment with either Trz or
Trz-PLPs) affects amino acid and mitochondrial metabolism
and causes dysregulation of redox homeostasis (Figures 5, S6,
S7); refer to Table 1 for a summary of the statistical analysis
and comparisons presented in Figure 5. Unlike Trz, Trz-PLPs
result in increased levels of extracellular methionine, arginine,
and ornithine and decreased intracellular levels of several
amino acids related to mitochondrial function (threonine,
asparagine, proline, serine) (Figures 5D, S7). Consistent with
oxidant stress dysregulation, decreased levels of oxidized
cysteine disulfide or S-lactoylglutathione are observed after

Figure 5. HER2-targeted treatment affects cellular redox potential. Metabolomics and proteomics were conducted on HER2+ cells treated
with 150 nM free Trz or 2 nM Trz-PLPs. (A−D) Treatment impacts metabolites (black) belonging to multiple pathways (blue). These are
associated with (A) oxidant stress regulation, (B, C) redox homeostasis, and (D) mitochondrial dysfunction. (E) Treatment impacts proteins
(black) associated with oxidoreductase and NADP binding activity (blue). For all plots, the y-axis represents relative intensity (a.u.), and
error bars are represented as ±SEM derived from three replicates. p-Values from a one-way repeated measures ANOVA, followed by a
Dunnett’s multiple comparison test, are shown as *p < 0.05; **p < 0.01; ***p < 0.001. The control group in the Dunnett test (Mock/Trz) is
denoted by a black or red asterisk, respectively. Refer to Table 1 for a summary of the statistical results (metabolites and proteins are listed
by abbreviation, full name, and primary associated pathway).
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treatment with Trz-PLPs (6% and 20% D-Trz) or Trz-PLPs
(1% D-Trz), respectively (Figure 5A). Trz-PLPs (20% D-Trz)
also result in increased levels of cysteinylglycine and purine
oxidation products (hypoxanthine, xanthine, inosine, adeno-
sine), indicative of dysregulated redox homeostasis (Figures
5B, S6E). Impaired redox regulation is further supported by
depletions of glutathione and decreased levels of pyrogluta-
mate and methionine following HER2-targeted treatment
(Figures 5C, S7A). Only Trz-PLP treatment results in
decreased levels of glycine and glutamine (Figure S7B),
whereas treatment with either Trz or Trz-PLPs causes
decreases to the levels of aspartate, α-ketoglutarate, and
oxaloacetate but increases in polyamines, such as spermidine, a
marker of mitochondrial dysfunction following oxidant stress65

(Figures 5D, S6E). Of note, glycine, glutamine, and aspartate
are associated with purine oxidation and mitochondrial
function by serving as carbon and nitrogen donors for purine
biosynthesis66 or through salvage of deaminated purines67 and
use as alternative fuels for mitochondrial metabolism.68

Metabolic findings are supported by increased levels of
thioredoxin reductase 2 and the mitochondrial NADH-
ubiquinone oxidoreductase 75 kDa subunit from the
proteomics data (Figure 5E). In summary, we conclude that
cellular redox homeostasis, which is essential for the
maintenance of cellular processes such as signal transduction,
mechanisms for regulating reactive oxygen species (ROS), and
cell proliferation, is affected by Trz-PLPs in ways that are both
similar and unique to responses elicited by Trz.

Trz-PLPs Inhibit Proliferation of HER2+ Cells. Members
of the HER family are receptor tyrosine kinases (RTKs) that
lead to extensive downstream signaling to promote diverse
cellular programs. Of note, overexpression of HER2 is
implicated in the dysregulation of HER-mediated cell
responses,69 including cell proliferation, endocytic internal-
ization, and endosomal sorting. Having ascertained that D-Trz
retains biological activity, we next sought to determine whether
Trz-PLPs could inhibit cell proliferation as observed with
Trz.40 Since Trz-PLPs are internalized, we hypothesized that
inhibitory effects would be prolonged relative to Trz. To test
this hypothesis, cell proliferation was examined following
exposure to a single dose of Trz or Trz-PLPs, as described in
Methods. Briefly, HER2+ cells were treated with Trz (20 μg/
mL, free Trz) or Trz-PLPs (1.7−50.7 μg/mL, PLP-bound Trz)
for 3 h and then harvested and cultured in the absence of Trz
for 9 days. After 3 days postexposure, Trz-PLPs (10% and 30%
D-Trz) achieved higher levels of growth inhibition (68% and
75%, respectively) versus Trz alone (54%) (Figures 6A, S8).
After 6 days postexposure, Trz-PLPs (6−30% D-Trz) caused a
61−76% decrease in cell proliferation, whereas Trz resulted in
only a 42% reduction (Figures 6A,B and S8). Notably, cells
treated with Trz fully recover by 9 days postexposure, while the
Trz-PLP treatment groups retain an inhibitory phenotype
(Figures 6A,B and S8).
The proliferation data for 9 days postexposure reveal that

the inhibitory phenotypes for cells treated with lambda PLPs
cluster into two groups, which we designate as cluster 1 and

Table 1. Omics Summary for Figure 5
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cluster 2 (Figures 6A, S8A). Trz-PLPs (1−6% D-Trz) fall into
cluster 1 and cause a 25% group average decrease in cell
proliferation (Figures 6A, S8). Unexpectedly, WT PLPs and
F5M-PLPs also belong to cluster 1 and result in a 20% group
average inhibition (Figure S8A). This suggests that another
mechanism is contributing to the cell growth inhibition
mediated by lambda PLPs due to particle−cell interactions
independent of HER2. Cluster 2 includes Trz-PLPs (10−30%
D-Trz) and results in 50% average inhibition (Figures 6A,B
and S8). These results indicate that cellular uptake of Trz-PLPs
increases the durability of the inhibitory response and
demonstrate that Trz-PLPs (10−30% D-Trz) can inhibit cell
growth more significantly than Trz.
Studies show that HER2 internalization depends on

antibody-induced HER2 clustering;70 for example, Trz must
be used in combination with two or more noncompetitive
antibodies for efficient HER2 internalization.71,72 Additionally,
the surface density of the target receptor on a cell of interest is
critical for effective retention of a nanoparticle due to receptor
engagement.73 Therefore, we hypothesize that robust Trz-PLP
internalization by cells overexpressing HER2 results from
multipartite interactions provided by the presentation of
multiple copies of Trz on the particle surface with multiple

HER2 receptors on the cell surface (avidity effect). These
interactions would prolong Trz-PLP retention and contribute
to the biological responses observed, including the more
durable growth inhibition phenotype. Future studies inter-
rogating the mechanisms of cellular uptake will be necessary to
better define the contributions of internalization pathways for
trafficking of Trz-PLPs.

Disruption of HER2 Signaling and Associated Path-
ways. The mechanism of action for Trz is complex;74

however, the primary effect on HER2 signaling is the
suppression of the Ras/Raf/MAPK and PI3K/Akt/mTOR
pathways to thereby inhibit cell-cycle progression and sensitize
cells to DNA damage.75,76 Thus, we examined the effect of
Trz-PLP treatment in HER2+ cells, focusing on three key
kinases (Akt, mTOR, HER2). Figure 6C demonstrates that
treatment with Trz-PLPs (20% and 30% D-Trz), which belong
to cluster 2 of the cell proliferation data, causes a 46−55%
decrease in Akt phosphorylation at Ser473, similar to treatment
with Trz (51% decrease); no significant effect is observed for
particles belonging to cluster 1. Given that Rictor and Sin1
(components of mTORC2) are essential for phosphorylation
of Akt at Ser473,77 these proteins could be contributing to the
effects on cell proliferation and amino acid metabolism

Figure 6. Trz-PLPs affect cellular proliferation and HER2 signaling. HER2+ cells were treated with 150 nM free Trz or 2 nM Trz-PLPs. (A,
B) Cells were harvested, replated, and cultured in the absence of Trz (free or PLP-bound). (A) Proliferation was assessed over 9 days by
crystal violet staining. Data shown are an average of three independent experiments done in triplicate with absorbance values normalized to
1. Error bars are represented as ±SEM. Inhibitory effects are modulated as a function of PLP-bound Trz and fall into two clusters (bracketed
and numbered, red). (B) Optical density values for days 6 and 9 were converted into percentages relative to Mock. (C) Representative
Western blots of HER2+ cells treated for 3 h (left). Quantification of representative blots was done using a Bio-Rad gel imaging system
(right). All proteins were first normalized to the loading control (β-actin, gray). Phosphorylation levels were then estimated by normalizing
the phosphorylation densities to their respective total. Data shown are an average of three independent experiments done in duplicate with
error bars represented as ±SEM. Trz-PLPs are ordered according to level of inhibition (low/medium/high) based on the group average
percentage of inhibition. p-Values from a one-way repeated measures ANOVA, followed by a Dunnett’s multiple comparison test, are shown
as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. The control group in the Dunnett test (Mock/Trz) is denoted by a black or red asterisk,
respectively.
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mediated by these particles (Figures 6A,B and S6). Addition-
ally, only Trz-PLP treatment has an effect on mTOR, causing
up to a 39% increase in mTOR phosphorylation at Ser2448;
no effect is observed for Trz or F5M-PLP treatment (Figure
6C). Given that Trz-PLPs impact amino acid metabolism
(Figure S6), it is possible that higher levels of mTOR
phosphorylation could be attributed to S6K (p70S6), the
S2448 kinase whose activity is modulated by the cellular amino
acid status via the TSC/Rheb pathway.78 Lastly, treatment
with particles belonging to cluster 2 results in increased HER2
phosphorylation at Tyr1221/1222; no effect is observed for
treatments with Trz or particles belonging to cluster 1 (Figure
6C). Phosphorylation at this site couples HER2 to the Ras/
Raf/MAP kinase pathway,79 which presents a potential
compensatory mechanism for promoting cell growth in the
absence of Akt activation. Overall, these findings confirm that
Trz-PLPs can influence the activity of important enzymes in
the PI3K/Akt/mTOR pathway.
Trz-PLPs Alter the Metabolomic and Proteomic

Landscapes of HER2+ Cells. While the correlation between
metabolic derangement and HER2 amplification is well
established80,81 and can be influenced by HER2-targeted
therapies,82 this study demonstrates ways in which the lambda
PLP platform can be utilized to alter cellular programs. Omics
approaches were taken to establish a connection between
HER2-mediated activation of the PI3K/Akt/mTOR pathway

and effects on associated cellular pathways, such as glycolysis,
the pentose phosphate pathway, the Krebs cycle, and the
synthesis of proteins, nucleotides, and fatty acids. HER2-
targeted treatment results in decreased levels of most Krebs
cycle metabolites, but only Trz-PLPs cause a decrease in the
level of succinate and an increase in the level of the
mitochondrial subunit of succinyl-CoA synthase (Figure 7,
Table 2). Of note, succinyl-CoA synthase couples the
hydrolysis of succinyl-CoA to GTP synthesis,83 catalyzing the
only step of substrate-level phosphorylation in the Krebs cycle.
These changes could directly impact intracellular redox
homeostasis by affecting the cell’s ability to replenish
intracellular pools of GSH and NADPH that are heavily
dependent on the Krebs cycle.82

Cancer cells rely heavily on the pentose phosphate pathway
to survive increased oxidant stress and promote growth.84 As a
compensatory response, this pathway is enhanced to yield high
levels of NADPH for redox regulation and fatty acid synthesis
and ribose phosphate (RP) for nucleotide synthesis.85 HER2-
targeted treatment results in decreased levels of RP and lactate,
but only Trz-PLPs cause a decrease in the levels of
transketolase (TKT) and an increase in the levels of pyruvate
(Figure 7, Table 2). TKT links RP to glycolysis (aids in
regulating glucose import) and is associated with the
sensitization of tumor and cancer cells to oxidative stress.84,86

Therefore, diminished cellular levels of RP and TKT could aid

Figure 7. HER2-targeted treatment alters cellular programs. Activated HER receptors (RTK dimers) recruit cascades of signaling molecules
to promote diverse cellular programs, and the PI3K/Akt/mTOR signaling axis serves as a key regulator of metabolic pathways that are
altered in cancer cells to meet the higher demands of precursors for protein, nucleotide, and fatty acid synthesis. Metabolomics and
proteomics of HER2+ cells reveal several changes to key biological processes (blue text), metabolites (black text, box; ratios, red text, box),
and proteins (black text, green box) after treatment with Trz or Trz-PLPs. For all plots, the y-axis and error bars represent relative intensity
(a.u.) and ±SEM derived from three replicates, respectively. p-Values from a one-way repeated measures ANOVA, followed by a Dunnett’s
multiple comparison test, are shown as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. Refer to Table 2 for a summary of the statistical results.
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in the sensitization of HER2+ cells to reactive intermediates
and decrease their capacity to repair DNA damage. Consistent
with limiting the tolerance of cancer cells to DNA damage,
decreased levels of the DNA-dependent protein kinase
catalytic subunit (PRKDC) are observed following HER2
treatment (Figure 7, Table 2). This could, in part, explain the

impaired phosphorylation of Akt at S473 (Figure 6C), since
phosphorylation of Akt at this site can be mediated by DNA-
dependent protein kinase in response to DNA damage.87

Increased levels of heat-shock protein 90 (HSP90) isoforms
and the major vault protein (MVP) (Figure 7, Table 2) could
also lead to decreased Akt phosphorylation via modulation of

Table 2. Omics Summary for Figure 7
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PI3K activity.87,88 Given the changes to HSP90, Trz-PLPs
could have a role in the regulation of HER2 turnover, since
HER2 (unlike the other HER proteins but also true for Akt)
remains in complex with HSP90 upon maturation and HSP90
inhibitors induce degradation of HER2.
Lastly, Trz-PLPs (>6% D-Trz) result in substantial

accumulations of IMP, adenosine, and hypoxanthine, essential
metabolites in purine biosynthesis and, by extension, cell
growth. Studies assessing the enzymatic activity of phosphor-
ibosyl pyrophosphate, aminoimidazole-carboxamide ribonu-
cleoside, and hypoxanthine phosphoribosyl transferase could
validate whether Trz-PLPs are acting as an antipurine.
Additional studies, including experiments performed in vivo
with transcriptional and flow cytometric data, are required to
elucidate the precise mechanisms by which Trz-PLPs are
eliciting these changes and to confirm the apparent regulation
of gene products identified from our proteomics analysis.
Nevertheless, the data demonstrate that Trz-PLPs can alter
cellular programs related to cancer progression at a functional
level.

CONCLUSION
In this study, we constructed PLPs simultaneously decorated
with a fluorescent probe and various surface densities of a
therapeutic antibody and characterized their physiochemical
properties. We demonstrated that D-F5M can be used to
efficiently track particles in vitro, and D-Trz retains the same
biological activity as native Trz. Trz-PLPs are robustly
internalized by HER2+ cells, which allows the intracellular
dose of trastuzumab to be regulated by varying the amount of
D-Trz on the particle surface. The increased intracellular
concentrations of the biologic in combination with extensive
effects on cellular programs result in a durable and expanded
biological response that is distinct from treatment with Trz.
Notably, inhibition of cell growth does not require continuous
exposure to the therapeutic, which suggests that the propensity
of cancer cells to develop trastuzumab resistance could be
reduced.
Cancer cells are remarkably dynamic in their ability to

regulate cellular processes for their growth and survival. Trz-
PLP “rewiring” of HER2+ cells appears to be synergistic in that
several pathways associated with cell proliferation are
impacted, demonstrating the utility of lambda PLPs as a
platform to interrogate the regulation of several cellular
processes (e.g., proliferation, metabolism, oncogenic signaling)
and the mechanisms by which cancer cells may develop drug
resistance. Further, this study reveals the potential of Trz-PLPs
as a therapeutic agent, setting the stage for future studies aimed
at evaluating the platform in the context of complex tumor
microenvironments and in vivo. Importantly, the platform can
be readily adapted in a user-defined manner with additional or
other biologics for specific targeting of other cell receptors
(e.g., cetuximab for targeting HER1), for controlled intra-
cellular delivery of regulatory or toxic biologics (e.g., ado-
trastuzumab emtansine (Kadcyla; Genentech), enzyme inhib-
itors, chemotherapeutic drugs) and to improve drug
metabolism/pharmacokinetic (DMPK) properties in vivo
(e.g., incorporation of synthetic polymers).

METHODS
Materials and Methods. Amicon centrifugal filters were

purchased from Sigma-Aldrich (St. Louis, MO, USA). HiTrapQ
HP, HiTrapSP. and Superose 6 Increase columns were purchased

from GE Healthcare (Marlborough, MA, USA). Zeba spin desalting
columns, fluorescein-5-maleimide, Hoechst 33342, protease and
phosphatase inhibitor cocktail, Corning vacuum filters, 96-well plates,
and Nunc Lab-Tek eight-chambered glass slides (#1.0 borosilicate)
were purchased from Thermo Fisher Scientific (San Jose, CA, USA).
Maleimide polyethylene glycol succinimidyl valerate (Mal-PEG-VA,
3.4k Mn) was purchased from Laysan Bio, Inc. (Arab, AL, USA).
Alexa Fluor 594 AffiniPure goat anti-human IgG was purchased from
Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA).
All antibodies used for immunoblotting were purchased from Cell
Signaling Technology (Beverly, MA, USA). All other materials were
of the highest quality commercially available.

All protein purifications utilized an A KTA purifier chromatography
system (GE Healthcare). Absorbance spectra were obtained using a
Thermo Scientific NanoDrop UV−vis spectrophotometer.

PLP Purification. Lambda PLPs were expressed in E. coli
BL21(DE3)[pNu3_E] cells and purified, as described20,89 with
modification. Concentrations of lysozyme (0.4 mg/mL) and DNase
(0.04 mg/mL) in cell lysates were increased to improve protein
extraction efficiency. Following rate-zonal, 10−40% sucrose density
gradient ultracentrifugation, PLPs were collected from the third band,
concentrated, and exchanged into 20 mM Tris [pH 8.0, 4 °C] buffer
containing 15 mM MgCl2, 1 mM EDTA, and 7 mM β-ME using
Amicon centrifugal filter units (100k MWCO). Proteins were
fractionated by anion exchange chromatography employing three 5
mL HiTrap Q HP columns connected in tandem and developed with
a 30-column volume linear gradient to 1 M NaCl. The eluate was
analyzed by denaturing SDS-PAGE, and PLP-containing fractions
were pooled, exchanged into 50 mM HEPES [pH 7.4] buffer
containing 100 mM NaCl and 10 mM MgCl2, and stored at 4 °C until
further use.

Purification of gpD Proteins. Wild-type gpD and gpD(S42C)
were expressed in E. coli BL21(DE3)[pD] and BL21(DE3)-
[pDS542C] cells, respectively, and purified, as previously de-
scribed20,89 with modification. Concentrations of lysozyme (0.4 mg/
mL) and DNase (0.04 mg/mL) in cell lysates were increased, and
lysate supernatants were dialyzed overnight against 20 mM Tris [pH
8.0, 4 °C] buffer containing 20 mM NaCl and 0.1 mM EDTA. The
proteins were fractionated employing three 5 mL HiTrap Q HP
columns connected in tandem and developed with a 30-column
volume linear gradient to 1 M NaCl. Fractions containing gpD were
pooled, exchanged into 50 mM NaOAc [pH 4.8] buffer using Amicon
centrifugal filter units (3k MWCO), and loaded onto three 5 mL
HiTrap SP columns connected in tandem. Bound proteins were
eluted with a 30-column volume linear gradient to 0.5 M NaCl, and
gpD-containing fractions were pooled and dialyzed overnight against
20 mM Tris [pH 8.0, 4 °C] buffer containing 20 mM NaCl and 0.1
mM EDTA for storage at 4 °C. Alternatively, 20% glycerol was added
to the samples for long-term storage at −80 °C.

Construction of D-F5M. Purified gpD(S42C) was exchanged
into 0.01 M PBS [pH 6.6] buffer using Amicon centrifugal filter units
(3k MWCO). Disulfide bonds were reduced with the addition of a 3-
fold molar excess of Tris (2-carboxyethyl) phosphine (1 h, 25 °C). A
2-fold molar excess of F5M was then added, and the mixture
incubated (1 h, 25 °C) to couple the sole cysteine residue in the
protein. The reaction was quenched with the addition of 0.1% β-ME
(30 min, 25 °C), and the modified protein exchanged into 40 mM
Tris [pH 8.0, 4 °C] buffer containing 20 mM NaCl and 0.1 mM
EDTA. Further polishing of D-F5M was done using Zeba spin
desalting columns (7k MWCO) developed with the same buffer.
Collections were pooled and stored at 4 °C. Protein concentration
was quantified spectroscopically by comparing absorptions at 280 and
495 nm to a standard curve of unmodified F5M.

Construction of D-Trz. Trastuzumab was exchanged into 0.01 M
PBS [pH 7.2] buffer using Amicon centrifugal filter units (100k
MWCO). A 5-fold molar excess of Mal-PEG-VA was added, and the
mixture incubated (30 min, 25 °C) to modify the accessible ε-amino
groups of lysine residues. A 3-fold molar excess of reduced
gpD(S42C) was added, and the mixture was incubated (1 h, 25
°C) to conjugate both proteins. The reaction was quenched with the
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addition of 0.1% β-ME (30 min, 25 °C), and D-Trz exchanged into 40
mM Tris [pH 8.0, 4 °C] buffer containing 20 mM NaCl and 0.1 mM
EDTA for storage at 4 °C. Protein concentration was quantified
spectroscopically and by densitometry.
PLP Expansion and Decoration. Expanded PLPs were prepared

and decorated in vitro with gpD proteins, as previously described35

with modification. Briefly, purified PLPs were expanded with 2.5 M
urea (30 min, on ice) and exchanged into 10 mM HEPES [pH 7.4]
buffer containing 0.2 M urea using Amicon centrifugal filter units
(100k MWCO). Expanded shells (30 nM) were decorated in a
stepwise fashion with modified and wild-type gpD at 25 °C in 10 mM
HEPES [pH 7.4] buffer containing 10 mM arginine, 0.05 M urea, and
0.1% Tween 20. Proteins were added in the following order: (1) D-
F5M (3.47 μM final concentration, 20 min incubation); (2) D-Trz
(0.07−4.16 μM final concentration, 20 min incubation); (3) wild-
type gpD (6.24−10.32 μM final concentration, 60 min incubation).
Decorated PLPs were purified by SEC using a Superose 6 Increase
column developed with 40 mM HEPES [pH 7.4] buffer containing
150 mM NaCl, 0.2 M arginine, 0.1 mM EDTA, and 2 mM β-ME at a
flow rate of 0.3 mL/min. Fractions containing decorated PLPs were
pooled and exchanged into 50 mM HEPES [pH 7.4] buffer
containing 100 mM NaCl and 10 mM MgCl2 for storage at 4 °C.
Transmission Electron Microscopy. Carbon-coated copper

grids (300 mesh) were glow-discharged using a Pelco easiGlow
glow discharge cleaning system (Ted Pella, Inc.; Redding, CA, USA)
with a plasma current of 15 mA, negative glow discharge head
polarity, and glow discharge duration of 1 min and held under vacuum
for 15 s. PLP preparations were diluted to 20 nM using double-
distilled water and spotted onto grids. Following sample adsorption
(15 s), excess liquid was wicked off using a Whatman #1 filter paper.
Grids were washed using double-distilled water, and excess liquid was
wicked off. Samples were negatively stained (15−20 s) with filtered
2% (w/v) methylamine tungstate [pH 6.7] and 50 μg/mL bacitracin
(0.2 μm Nucleopore polycarbonate syringe filters). Excess stain was
wicked off, and grids were allowed to air-dry (≥1 h). Samples were
maintained covered throughout this procedure and stored in a grid
storage box at room temperature until imaged. Images were acquired
on a FEI Tecnai G2 transmission electron microscope at an
accelerating voltage of 80 kV and equipped with a 2k × 2k CCD
camera. Images were processed in Fiji,90 and measurements based on
100 particles.
Dynamic and Electrophoretic Light Scattering Measure-

ments. Decorated particles were diluted to 50 μL at 5 nM or 700 μL
at 10−15 nM using double-distilled water for dynamic light scattering
and electrophoretic light scattering analyses, respectively. Particle size
(Z-average [nm], intensity size distribution [nm], polydispersity
[a.u.]) and overall surface charge (zeta potential [mV]) were
measured using a Malvern Panalytical Zetasizer Nano ZS (He−Ne
laser 633 nm light source; 5 mW maximum power) with a method
specified for protein in water solution. Successive sample measure-
ments were done in triplicate with calculated values reported as mean
± standard deviation.
Cell Culture. Breast cancer cell lines (SKBR3, MDA-MB-231)

were purchased from the Barbara Davis Center BioResources Core
Facility Molecular Biology Unit, authenticated by short tandem repeat
profiling, and tested for mycoplasma contamination. Cell lines were
maintained at 37 °C, 5% CO2 in McCoy’s 5A media containing 1.5
mM L-glutamine, 26.2 mM NaCO3, and 16.7 mM glucose or
Leibovitz’s L-15 media containing 2.1 mM L-glutamine and 5.0 mM
galactose and supplemented with 26.2 mM NaCO3, respectively. Both
media were supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 10 mM HEPES, 1× MEM nonessential amino acids
solution, 50 units/mL penicillin, and 50 μg/mL streptomycin and
filtered using 0.2 μm Corning vacuum filters.
In Vitro PLP Internalization Assay. SKBR3 and MDA-MB-231

cells were seeded at densities of 1 × 104 cells/well or 2 × 104 cells/
chamber for 96-well plates or Nunc Lab-Tek eight-chambered glass
slides, respectively, and maintained in complete media (prepared as
above) until ≥60% confluency was achieved. Cells were then washed
with PBS [pH 7.4] and treated with PLPs (2 nM) in complete media

at a final concentration of 20% FBS (3 h, 37 °C). Subsequent steps
were performed at ambient temperature and included intermittent
washes with PBS [pH 7.4]. Cells were fixed with 4% paraformalde-
hyde (PFA) and permeabilized with PBS [pH 7.4] containing 0.1%
Triton X-100 and 1% bovine serum albumin (BSA). Immunocy-
tochemical staining was performed using Alexa Fluor 594 AffiniPure
goat anti-human IgG for detection of both native and modified Trz,
and cell nuclei were stained using Hoechst 33342. Particle−cell
interactions were imaged by fluorescence microscopy using a Nikon
Eclipse Ts2 inverted confocal microscope equipped with a CF160
optical system. Fiji90 was used for image processing.
Cytotoxicity Assay. SKBR3 and MDA-MB-231 cells were seeded

at densities of 8.1 × 104 cells/well and cultured in complete media for
2 days. Cells were then washed with PBS [pH 7.4] and treated (3 h,
37 °C) with PLPs (2 nM) or Trz (150 nM or 2 μM) in sextuplicate.
DMSO (10%) was used as a positive control of toxicity, whereas PLP
storage buffer diluted in PBS [pH 7.4] served as the vehicle control.
The CytoTox-Glo cytotoxicity assay (Promega; Madison, WI, USA)
was used to determine cell cytotoxicity, according to manufacturer
specifications. Luminescence was measured using a SpectraMax M5
reader at an integration time of 1000 ms. The reported value was the
calculated cell viability percentage normalized to mock treated cells
with standard error of the mean (SEM) as error bars.

MTT Viability Assay. SKBR3 and MDA-MB-231 cells were
seeded at densities of 4.4 × 104 cells/well and cultured in complete
media for 2 days. Cells were then washed with PBS [pH 7.4] and
treated (3 h, 37 °C) with PLPs (2 nM) or Trz (150 nM or 2 μM) in
sextuplicate. PLP storage buffer diluted in PBS [pH 7.4] served as the
vehicle control. The Vybrant MTT cell proliferation assay (Molecular
Probes, Inc., Eugene, OR, USA) was used to determine cell viability,
according to manufacturer specifications. Incubations (4 h, 37 °C)
with the MTT stock solution (12 mM) were performed in RPMI-
1640 media minus phenol red and supplemented as described for
complete media formulations. MTT stock solution diluted in media
served as a negative control. Signal was developed using DMSO (10
min, 37 °C), and absorbance read at 540 nm using a SpectraMax M5
reader. Values reported as mean ± SEM are based on the calculated
metabolic activity percentage normalized to mock-treated cells.

Crystal Violet Proliferation and Viability Assay. SKBR3 cells
were plated in duplicate at 2.5 × 105 cells/well in six-well plates,
maintained and treated as described above. Cells were harvested by
trypsinization, replated in triplicate at 5.0 × 104 cells/well in 24-well
plates, and cultured in complete media. At the end of days 1, 3, 6, and
9, cells were fixed with 4% PFA and stained with crystal violet to stain
proteins and DNA of viable, adherent cells. Optical density at 570 nm
(OD570) was measured, and the percentage of viable, treated cells
calculated by comparing average OD570 values of treated cells to those
of mock-treated cells. A minimum of three independent experimental
replicates were performed.

Immunoblotting. For Western blot analysis, cells were washed
twice in ice-cold PBS and lysed in 50 mM Tris-HCl [pH 7.4, 4 °C]
buffer containing 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS and supplemented with a protease and
phosphatase inhibitor cocktail. Protein concentration was determined
spectroscopically, and 250 μg of protein was loaded on SDS-PAGE
gels for immunoblotting. Antibody stocks were diluted (1:2000) for
the following: pan AKT, pAKT (Ser473), mTOR, pmTOR
(Ser2448), HER2, pHER2 (Tyr1221/1222), β-actin, and rabbit
anti-human IgG conjugated with horseradish peroxidase. A chem-
iluminescence system was used for detection, and representative blots
were selected from a minimum of three independent experimental
replicates.

UHPLC-MS Metabolomics. Metabolites were extracted from
SKBR3 cell pellets (∼1.0 × 107 cells) or supernatants (10 μL) in ice-
cold buffer containing methanol, acetonitrile, and water (5:3:2, v/v/v)
at a 1:10 or 1:25 dilution, respectively. Samples were vortexed, and
insoluble material was pelleted. Supernatants were analyzed via
UHPLC-MS (Vanquish−Q Exactive; Thermo Fisher Scientific; San
Jose, CA, USA, and Bremen, Germany).91 Metabolites were resolved
on a Kinetex XB C18 RP column (2.1 × 150 mm, 1.7 μm;
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Phenomenex) at 45 °C using a 5 min gradient method. Technical
mixes were generated by pooling aliquots of extracts and ran every 3
analytical runs to control for technical variability, as judged by
coefficients of variation. Metabolite assignments and isotopologue
distributions were performed using MAVEN92 (Princeton, NJ, USA).
Nano-UHPLC-Tandem MS Proteomics. Proteins extracted from

cell pellets after metabolomic analysis were solubilized in 8 M urea
and digested via filter-aided sample preparation (FASP). Extracted
peptides were analyzed by nanoLC-MS/MS (Thermo EASY-nLC
1200-Orbitrap Fusion Lumos) and separated on a C18 analytical
column (1.5 × 100 mm; house-made) packed with Cortecs C18 resin
(2.7 mm; Phenomenex; Torrance, CA, USA), using a 180 min linear
gradient of 6−38% acetonitrile (ACN) at 400 nL/min). Data
acquisition was performed using the instrument supplied Xcalibur
software (v4.1; Thermo Fisher Scientific), and raw files were
converted to peak lists using Proteome Discoverer 2.1.0.62. Samples
were analyzed using Mascot 2.6.1 (Matrix Science; London, UK)
against the human UniProt database with specified variable
modifications. Scaffold 4.9.0 (Proteome Software Inc., Portland,
OR, USA) was used to validate MS/MS-based peptide and protein
identifications.
Statistical Analysis. Statistical and multivariate analyses (e.g., t

test, one-way repeated measures ANOVA, Dunnett’s test, partial least-
squares-discriminant analysis (PLS-DA), hierarchical clustering
analysis (HCA)), heat maps, and graphs were performed and
prepared using MetaboAnalyst 4.0,93 GraphPad Prism 5.0 (GraphPad
Software, Inc., La Jolla, CA, USA), and Morpheus (Broad Institute,
Boston, MA, USA). Statistical analysis shown in plots was performed
by one-way repeated measures ANOVA, followed by Dunnett’s
multiple comparison test. The treatment group used as the control
group in the Dunnett test is denoted by a black or red asterisk for
mock or Trz-treated cells, respectively.
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