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ABSTRACT Sequestration within the cytoplasm often limits the EGFR-binding Cancer Cell
efficacy of therapeutic nanoparticles that have specific subcellular - M‘”“MW'WWMW
targets. To allow for both cellular and subcellular nanoparticle EGFR £

delivery, we have created epidermal growth factor receptor (EGFR)- \ \ EGFR/Karyopherin

targeted Fe;0,@Ti0, nanoparticles that use the native intracellular EGFR-mediated nudj:r‘tfa‘;‘jjﬁﬁm L
trafficking of EGFR to improve internalization and nuclear transloca- e 'g e

tion in EGFR-expressing Hela cells. While bound to EGFR, these
nanoparticles do not interfere with the interaction between EGFR

Cytoplasm " Nucleus

and karyopherin-£3, a protein that is critical for the translocation of

ligand-bound EGFR to the nucleus. Thus, a portion of the EGFR-targeted nanoparticles taken up by the cells also reaches cell nuclei. We were able to track
nanoparticle accumulation in cells by flow cytometry and nanoparticle subcellular distribution by confocal fluorescent microscopy indirectly, using
fluorescently labeled nanoparticles. More importantly, we imaged and quantified intracellular nanoparticles directly, by their elemental signatures, using
X-ray fluorescence microscopy at the Bionanoprobe, the first instrument of its kind in the world. The Bionanoprobe can focus hard X-rays down to a 30 nm
spot size to map the positions of chemical elements tomographically within whole frozen-hydrated cells. Finally, we show that photoactivation of targeted
nanoparticles in cell nuclei, dependent on successful EGFR nuclear accumulation, induces significantly more double-stranded DNA breaks than
photoactivation of nanoparticles that remain exclusively in the cytoplasm.
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ifferent approaches for the targeted
D delivery of nanoparticles (NPs) have

been devised; nevertheless very
often once inside cells NPs are unable to leave
endocytic vesicles and end up in lysosomes or
removed from cells by exocytosis.'? Ideally,
the targeting of NPs should not end with cell
delivery, but with placement of NPs in the
subcellular compartment, where their pre-
sence is desired. For DNA-cleaving NPs, made
of photoactivatable materials such as TiO,,* >
the cell nucleus is strategically the best sub-
cellular target. An optimal vehicle for such
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delivery could be the epidermal growth factor
receptor (EGFR). This cell membrane receptor
is overexpressed in many cancers.® '* EGFR
and its ligand, epidermal growth factor (EGF),
can be found in cell nuclei'* "® Nuclear
accumulation of EGFR plays many roles
in cells; this accumulation is especially pro-
nounced in highly proliferative tissues and
cancer cells.">'°"?* The transport of EGFR
into the nucleus can be triggered either
by binding of natural ligands or, in the ab-
sence of ligands, by exposure to stress such
as irradiation.”>*>% Internalization of the
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membrane-bound EGFR s believed to be both clathrin-
mediated and clathrin-independent.?’~2° The subse-
quent translocation of EGFR from endocytic vesicles to
the nucleus has been proposed to proceed through
several potential mechanisms, all of which involve an
interaction between EGFR and the karyopherin family
of nuclear transport proteins.32>30-33

In this study, photoactive NPs composed of a Fe30,
core and a TiO, shell (Fe;0,@TiO,) were surface con-
jugated with several different peptides to form peptide
nanoconjugates (NCs) and tested for binding to EGFR
and the ability of NC-EGFR complexes to interact with
karyopherin-3. NCs performing most similarly to a
native EGFR ligand (i.e., interacting most avidly with
EGFR and karyopherin-$5) were selected for cellular
uptake experiments. After a 30 min interaction with
cells, some of these EGFR-targeted NCs reached cell
nuclei, although many remained in the cytosol. As a
control, we used NCs that could enter cells but not cell
nuclei. NC presence in the nucleus improved photo-
activation-dependent nuclear DNA cleavage.

The localization of EGFR-targeted NCs was confirmed
with X-ray fluorescence tomography. While X-ray fluo-
rescence tomography has been done before with sub-
micrometer resolution on dried samples at room
temperature,>* this study is the first example of cryogenic
X-ray fluorescence tomography with an X-ray beam
focused below 100 nm. This work was done at the
Bionanoprobe, a unique instrument for X-ray fluores-
cence microscopy located at the Advanced Photon
Source at Argonne National Laboratory (APS-ANL).

RESULTS

Synthesis of EGFR-Binding Fe;0,@Ti0, Nanoconjugates. NPs
used in this work were made of an Fe;0,4 core and TiO, shell
(Fe30,@TiO, NPs), for a final NP size of 6.7 & 29 nm
(for details see Supplementary Methods, Supplementary
Figure S1, and Supplementary Table 51).3° The main ad-
vantage of this combination of materials over pure TiO, is
that the presence of Fe;O, core particles decreases the
band gap of TiO,, making NPs excitable with white light>®

Several peptides that purportedly bind with EGFR>>°
as ligands and additional control peptides were conjugated
to the surface of Fe;0,@TiO, NPs (for details see Methods,
Supplementary Methods, Supplementary Figures S1, S2,
and Supplementary Table S1) to form peptide nanoconju-
gates. We then tested interactions between these NCs
and EGFR in a protein pulldown assay (Supplementary
Figure S3). An 11 amino acid peptide fragment of epidermal
growth factor’’ called B-loop peptide performed the best
in binding of EGFR; this peptide was used for all subsequent
work. A scrambled version of the B-loop peptide with
a rearranged amino acid sequence called scrambled
peptide was used to prepare a matching negative control.
Both of these peptides were conjugated to the surface
of Fe30,@TiO, NPs using an N-terminal 3,4-diphenylacetic

YUAN ET AL.

a Outside of cells (cell extracts)
Karyopherin-g EEn

EGFR-targeted pactin @ < 'ﬁ
B-loop A" __1+/
Fe304@TiO2 NCs = \
Control
Scrambled @3 4.“—19—\
Fe304@TiO2 NCs @

b Within cells

EGFR Ei
\ \ EGFR—media} 9
NP internalization “ )

Nontargeted
NP internalization

Cytoplasm Nucleus

Figure 1. Schematic representation of findings presented in
this work. Both EGFR-targeted B-loop and control
scrambled NCs were tested for interactions with EGFR and
other proteins from (a) cell extracts and (b) within HelLa
cells. (a) NCs carrying B-loop peptides were shown to bind
and pull down EGFR and the nuclear transport protein
karyopherin-3 (Figure 2a, Supplementary Figure 3). (b)
Cellular uptake and distribution of nanoconjugates were
shown by flow cytometry (Figure 2b and ¢, Supplementary
Figures S4 and S5), confocal microscopy (Figure 3, Supple-
mentary Table S2), X-ray fluorescence microscopy (Figure 4,
Supplementary Table S3, Supplementary Figure S7), and
cryo-X-ray fluorescence microscopy with the Bionanoprobe
(Figures 5 and 6, Supplementary Video, and Supplementary
Figures S8—513). In the absence of EGFR nuclear transport
inhibitors, and after a 30 min incubation at 37 °C to allow
endocytosis, photoactivation of the EGFR-targeted B-loop
NCs caused increased DNA degradation compared to con-
trol NCs and treatment conditions (Figure 7, Supplementary
Figures S14 and S15). NPC: nuclear pore complex.

acid moiety (DOPAC) (for more details see Methods,
Supplementary Methods, and Supplementary Figures
S1,S2,and S3). The orthosubstituted enediol groups on
DOPAC as well as other catechols can stably bind to
surface TiO, molecules on NPs.**°~*2 These B-loop and
scrambled peptide nanoconjugates (B-loop NCs and
scrambled NCs) were used side by side for all experi-
ments described here (schematically presented in
Figure 1).

Cellular Protein Pulldown with EGFR-Binding Nanoconju-
gates. The first step in deciding whether B-loop NCs
would be able to reach the cell nucleus was to inves-
tigate the interaction between NCs, EGFR, and the
nuclear translocation protein karyopherin-3. This was
done by a pulldown assay we devised for this purpose
(Figure 2; described in Methods, Supplementary Meth-
ods, and Supplementary Figure S3).

B-Loop NCs bind and pull down EGFR from the cell
extracts of Hela cells, while bare NPs and scrambled
NCs did not (Figure 2a, Supplementary Figure S3).
Complexes made of EGFR and B-loop NCs moreover
bind the nuclear transport protein karyopherin-3
(Figure 2a, Supplementary Figure S3). In general,
NPs can accumulate a protein corona through polar
and other nonspecific interactions;*** however,
in this case, none of the proteins tested by Western
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Figure 2. B-Loop NCs, but not control scrambled NCs, bind EGFR and karyopherin- from cell protein extracts and show
increased internalization within HeLa cells. (a) Western blots (WB) of proteins eluted from NCs used for protein pulldown from
Hela cell extracts (Elutions) show specificity of interaction between EGFR and B-loop modified NCs (B-loop). No such
interaction occurs between scrambled NCs (Scr) or bare NPs (Bare). Loading of a portion of the whole cell protein extract used
for pulldown reactions (Inputs) shows equal protein concentrations prior to pulldown interaction. The flow-through (FT) and
wash fractions (W1, W2, W3) are shown in Supplementary Figure S3. Addition of the fluorescent dye DY554 (/554) to the
particle surface (right-hand panels) did not change the behavior of NCs. Karyopherin-£ coeluted with EGFR only when B-loop
NCs were used. (b) Flow cytometry analysis of HeLa cells treated with the same NCs used (a) for 30 min at 37 °C. (c) Flow
cytometry of Hela cells treated with B-loop or scrambled NCs for different periods of time at 37 °C. While uptake of both NCs
increased over time, EGFR-targeted B-loop NCs were always endocytosed more efficiently. Error bars represent standard error
of the mean (n = 3), **p < 0.01, ***p < 0.001, ****p < 0.0001.

blot (EGFR, karyopherin-f3, and $-actin) adsorbed non-
specifically on bare NPs or scrambled NCs. The inter-
action between B-loop NCs and karyopherin-f should
be mediated via EGFR and not by a direct interaction
between B-loop peptides and karyopherin-S. This nuclear
transport protein preferentially binds to nuclear localiza-
tion signal (NLS) sequences composed of basic amino
acids,*® such as the tripartite NLS in the intracellular
domain of EGFR3' Binding with karyopherins is neces-
sary for the translocation of ligand-bound EGFR to the
nucleus 232334647 Moreover, this interaction depends on
phosphorylation of a specific threonine residue: Thr654.2°
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For that reason, phosphorylated EGFR NLS peptides
can be used to inhibit EGFR nuclear translocation;?*2°
we used the same strategy in subsequent NC comet
assays (Figure 7b).

Cellular Uptake of EGFR-Binding Nanoconjugates. Ligand-
bound EGFR is rapidly internalized and can be ex-
pected to migrate into the cell nucleus within 30 min
after interaction with its ligand.?>3%3" In order to follow
the accumulation of B-loop NCs, scrambled NCs, or
bare NPs in HelLa cells, we labeled these NCs with the
fluorescent dye DY554. Addition of this dye did not
alter NC interactions with EGFR and karyopherin-3
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from cell extracts (Figure 2a). The internalization of
DY554-labeled NCs by Hel a cells was evaluated by flow
cytometry (Figure 2b and c). A low percentage of
“fluorescence positive” cells was noted in untreated
cells; cells treated with “bare” NPs modified only with
DY554 demonstrated some nanoparticle uptake after a
30 min incubation at 37 °C, as shown by an increase in
both the percent of fluorescent cells and an increase in
the median fluorescence of gated cells (Figure 2b; dot
plots and fluorescence histograms are shown in Sup-
plementary Figure S4). A similar finding with fluores-
cently labeled TiO, NPs was previously reported by our
group;*® these nontargeted TiO, NPs formed numer-
ous nonspecific interactions with cells, leading to their
uptake by any endocytic mechanism ongoing in the
cells. Internalization of scrambled NCs by Hela cells
shown here most likely proceeded by similar mechan-
isms. B-Loop NCs demonstrated the greatest uptake at
the 30 min time point, showing a significant increase in
both the percentage of fluorescent cells and the
median fluorescence (Figure 2b); example dot plots
and fluorescence histograms for these samples are
given in Supplementary Figure S4.

The uptake of B-loop NCs vs scrambled NCs showed
preferential uptake of B-loop NCs at time points be-
tween 5 min and 1 h (Figure 2¢); example dot plots and
fluorescence histograms for these samples are given in
Supplementary Figure S5.

Itis noteworthy that in flow cytometry experiments
the presence of NPs anywhere in the cell was detected,
regardless of whether they are in the cytoplasmic
endosomes or the cell nucleus.

Tracking the Subcellular Distribution of Nanoconjugates by
Confocal Microscopy. To investigate the subcellular distri-
bution of internalized NCs, we used confocal micros-
copy experiments (Figure 3). The primary focus of these
experiments was to establish whether B-loop NCs can
be found in the cell nucleus within a similar time frame
(30 min) as EGFR bound with its native ligands.

At the 0 min time point, HelLa cells were treated with
scrambled or B-loop NCs at 4 °C to allow for receptor
binding but not endocytosis (SNC 0 min and BNC
0 min). Cells were fixed and poststained for nuclear
DNA (using Hoechst) and EGFR, while the NCs were
poststained with alizarin red S (ARS), a dye that pre-
ferentially binds TiO, NPs.***° EGFR was immunola-
beled with a primary antibody that binds the carboxy
terminus of the receptor, which was then fluorescently
labeled with AlexaFluor488-conjugated secondary
antibodies. Since ligand binding occurs at the extra-
cellular amino terminus of the receptor, the presence
of NCs should not interfere with antibody binding.
B-loop NCs (arrowheads) and to a lesser degree
scrambled NCs (dashed arrows) co-localize with EGFR
at the cell membrane at 4 °C (Figure 3a).

For the 30 min time point, the cells were again
pretreated with B-loop or scrambled NCs at 4 °C, but
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these cells were then incubated at 37 °C for 30 min to
allow for endocytosis and intracellular trafficking (SNC
30 min or BNC 30 min). At this time point, ARS-stained
B-loop NCs were found in both the cytoplasm and the
cell nucleus (Figure 3a bottom panel and Figure 3b),
while scrambled NCs remained solely in the cytoplasm
(Figure 3c). Both the nuclear and the cytoplasmic ARS-
labeled B-loop NCs still appear to co-localize with
AlexaFluor488-labeled EGFR. The presence of EGFR-
associated B-loop NCs in the cytoplasm as well as in the
nucleus after 30 min is expected because in all cell
systems studied so far only a fraction of activated EGFR
translocates into the nucleus,'821232630334650 |, 54
dition to the fact that different ligands or cell stresses
have different effects on EGFR nuclear trafficking,
nuclear accumulation of EGFR in different cell types is
variable as well.>1314202451-33 | gne specific example
nuclear accumulation of EGFR was found to be around
2% of total cellular EGFR>*

Direct Determination of Nanoconjugate Subcellular Distribu-
tion by XFM. As a complementary technique to confocal
microscopy, we used X-ray fluorescence microscopy
(XFM) to confirm the subcellular distribution of
Fes0,@TiO, NPs and NCs. While NPs must be fluores-
cently labeled to be detected by confocal microscopy,
XFM can detect NPs via the X-ray-induced X-ray fluo-
rescence of the Fe and Ti atoms within NPs 34835

XFM (also called Synchrotron radiation induced
X-ray emission, or SRIXE) can also be used to map
the distribution of naturally occurring cellular ele-
ments such as phosphorus (P) and sulfur (S) or trace
metals such as copper (Cu) and zinc (Zn) and has
been used with a variety of biological and bio-
medical samples.**®~>8 Elemental content of cells
can be used not only to establish physiological
processes ongoing in cells but also to delineate
different subcellular compartments such as mito-
chondria (rich in manganese) or cell nuclei
(presenting the highest concentration of P and
Zn). #5839 gyifur, on the other hand, is present in
the amino acids methionine and cysteine and is
therefore distributed throughout the cell in all
cellular proteins.>>*®*° While some native cellular
elements are occasionally present in cells in extre-
mely small quantities, metallic nanomaterials in
treated cells are often relatively abundant and can
be detected with high sensitivity and without stain-
ing by XFM. In addition, immunocytochemisty with
gold (Au)-conjugated antibodies can easily be
paired with XFM to detect a particular protein of
interest.® In recent years, attempts were made to
use elemental X-ray imaging to obtain not only a 2D
map but a 3D tomographic reconstruction of ele-
mental distribution in biological samples. An early
example of such effort was the work by de Jonge
and others, who manually rotated an air-dried diatom
to record a tilt series of 2D elemental maps with
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Figure 3. B-Loop NCs co-localize with EGFR at the cell membrane and within the cell nucleus at different time points.
(a) HeLa cells were treated with 10 nM B-loop NCs (BNC) or scrambled NCs (SNC) at 4 °C for 1 h to allow for receptor
binding. Cells were then left at 4 °C (BNC 0 min or SNC 0 min) or shifted to 37 °C (BNC 30 min or SNC 30 min) for 30 min to
allow for endocytosis. EGFR was labeled with AlexaFluor-488 conjugated antibodies (green), nuclear DNA was stained
with Hoechst (blue), and NCs were stained with alizarin red S (ARS) (red). Most pronounced NC staining and co-
localization with EGFR were at the cell periphery (arrowhead) in cells treated at 4 °C, while in cells allowed to
endocytose NCs at 37 °C the staining for B-loop NCs overlaps with EGFR in both the cytoplasm (arrowhead) and the cell
nucleus (arrow). Images show single focal planes from representative Z-stacks. (b) Orthogonal projections of the BNC
30 min cell, confirming the location of ARS-stained NCs within the Hoechst-labeled nucleus in the XY (middle), YZ (top),
and XZ (right) planes. In contrast, scrambled NCs remained predominantly at the cell periphery (a, dotted arrow) after
30 min (c, orthogonal projections), although there is random co-localization with EGFR. The X, Y, and Z resolutions of
the images are 0.082 um x 0.082 um x 0.38 um (SNC 0 min); 0.057 um x 0.057 um x 0.38 um (BNC 0 min); 0.071 um x
0.071 um x 0.38 um (SNC 30 min); and 0.070 xm X 0.070 um x 0.38 um (BNC 30 min). Manders' correlation coefficients
for co-localization between ARS-labeled NCs to AlexaFluor488-labeled EGFR are given in Supplementary Table S2.
Scale bars: 10 um.

an X-ray beam of a few hundred nanometers.>* This Because of our focus on the spatial relationship
data set was then reconstructed into a 3D tomo- between B-loop NCs and EGFR within cancer cells,
gram of elemental distribution in the diatom shell we labeled EGFR with 1.5 nm Au conjugated anti-
and its dried internal content. bodies to map the distribution of EGFR. In Hela cells
YUAN ET AL. VOL.7 = NO.12 = 10502-10517 = 2013 ‘“’JNLi Jﬁ\) 10506
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Figure 4. XFM reveals the distribution of NCs in HelLa cells after 0 or 30 min incubation at 37 °C. (a) In HelLa cells treated with
B-loop NCs at 4 °C the NCs (Ti and Fe elemental maps) are distributed at the cell periphery and overlap with strong signals in
the elemental map for Au, which indicates distribution of Au-labeled anti-EGFR antibodies (arrowheads). (b) Ti and Fe from
scrambled NCs are also distributed at the cell periphery but overlap less with Au. Scale bar: 10 um. (c) Ti and Fe signals from
B-loop NCs overlap both with Zn, which is enriched in the cell nucleus, and with EGFR-specific Au in a cell treated with B-loop
NCs at 37 °C for 30 min (arrows). (d) Conversely, in a cell treated with scrambled NCs for 30 min at 37 °C, the Ti and Fe
distributions remain separate from the Zn and Au signals. Three cells were scanned per treatment group with images of
representative cells shown. Scale bar: 2 um. Panels represent 2D maps of the distributions of phosphorus (P), sulfur (S),
titanium (Ti), iron (Fe), zinc (Zn), gold (Au), and the three-element co-localization of Ti (red), Au (green), and Zn (blue). Manders'
coefficients for the correlation between Ti and Fe, Au, or Zn as well as scatter plots of the distributions of these elements are

given in Supplementary Table S3 and Figure S7.

treated at 4 °C with B-loop NCs (Figure 4a) or scrambled
NCs (Figure 4b), the distribution of Ti and Fe elements,
indicating distribution of NCs, favors the periphery of
the cells, similar to the situation noted in Figure 3a. It
should be noted that, while the native cellular iron
content is above background level (Supplementary
Figure S6), the distribution pattern of pixels with the
highest iron content in NC-treated cells always repli-
cated distribution of titanium because of the core—shell
formulation of NPs. This is also apparent from “control”
Manders' coefficients for co-localization of Ti and Fe in
NC-treated cells (Supplementary Table S3).

In the cytoplasmic region of the 0 min B-loop NC
treated cells there are regions where the EGFR-
specific Au signal and the Ti and Fe signals over-
lapped, indicating that these NCs co-localized with
EGFR (Figure 4a, arrowheads). Similar to the confocal
microscopy images, after 30 min of incubation at
37 °C (30 min), XFM images also indicated the pre-
sence of B-loop NCs in the cytoplasm and nucleus of

YUAN ET AL.

Hela cells, co-localized with EGFR in both locations
(Figure 4c). In 30 min scrambled NC treated cells Au-
labeled EGFR demonstrated little overlap with NCs
(Figure 4d). Scatter plots indicating co-localization of
Ti from NCs and nuclear Zn as well as co-localization
of Ti and EGFR-specific Au are given in Supplemen-
tary Figure S7 and the Manders' coefficients in
Supplementary Table S3.

High-Resolution, Cryogenic, and Tomographic XFM Imaging
of NC-Treated Cells at the Bionanoprobe. To determine the
location of NCs within cells with greater accuracy, we
used the recently installed Bionanoprobe instrument,
located at APS-ANL at the Life Sciences-Collaborative
Access Team sector 21-ID-D. The Bionanoprobe is
the first and only XFM instrument that allows imaging
of frozen-hydrated biological samples up to 10—20 um
thick, with an X-ray beam that can be focused to 30 nm.
Imaging of frozen-hydrated cells under cryogenic
conditions is a reliable way to preserve the architecture
of the cell and minimize rearrangement or loss of
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Figure 5. High-resolution Bionanoprobe images of frozen-hydrated Hela cell treated with B-loop NCs at 4 °C at multiple
angles. An X-ray beam spot size of 50 nm allowed acquisition of a detailed image of a HeLa cell treated with B-loop NC at 4 °C.
The majority of NC hot spots were distributed at the cell periphery. (a) In some cases, the apparent distribution of Ti and Fe
overlapped with nuclear-specific P and Zn signals. After rotating the cell over a range of 144 degrees (in 6-degree increments)
it was possible to determine that NC hot spots that appeared nuclear in some projections (a and b) are in fact extranuclear
when the cell is scanned at an angle of 60 degrees (c, arrowheads). Each panel represents a different elemental map; from left
to right: phosphorus (P), sulfur (S), titanium (Ti), iron (Fe), zinc (Zn), and a three-element co-localization of Ti (red), S (green),
and Zn (blue). Images obtained at all other angles are provided in Supplementary Figure S8. Scale bars: 10 um.

diffusible ions.®” While cryo TEM shares these benefits,
it requires sectioning of cells, whereas cryo XFM allows
tomographic imaging of intact, whole cells. Three-
dimensional imaging of elemental content in frozen-
hydrated cells at the Bionanoprobe is supported via a
specimen stage that can be rotated by +80°. This
custom-made instrument was designed and manufac-
tured by Xradia (now Carl Zeiss X-ray Microscopy),
installed and commissioned at the APS over the past
20 months. During this period of instrument develop-
ment we were able to use it to image some of the HelLa
cells treated with B-loop or scrambled NCs. These
specimens were plunge-frozen and scanned in a fro-
zen-hydrated state with a beam spot size of 70 nm.

Cells treated with B-loop NCs at 4 °C were imaged at
scan angles between —66 and 78 degrees in six-degree
increments. Several key angular projections are shown in
Figure 5, with the remaining projections shown in Sup-
plementary Figure S8. The high sensitivity and high detail
visible with the Bionanoprobe allow one to see accumu-
lations of NPs that would be difficult to resolve with a
wider beam spot. In addition, scanning the same cells at
different angles allowed us to discern that some of the NC
aggregates seemingly inside the cell (arrowheads) were
only attached to the cell surface (Figure 5).

We also scanned frozen-hydrated Hela cells treated
with B-loop or scrambled NCs for 30 min at 37 °C at
the Bionanoprobe (Figure 6). Again, the rotation of the
sample and acquisition of elemental projection images at
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multiple angles allowed us to confirm that in B-loop NC
treated cells the Ti and Fe hot spots that appear to be in
the nucleus appear so at every scan angle (Figure 6a—c,
Supplementary Figure S9, and Supplementary Video).
Three-dimensional tomographic reconstructions of this
cell show that the NC aggregates labeled NC 4 and NC 5
localize to the Zn-rich nucleus region (Figure 6d, Supple-
mentary Figure S10, and Supplementary Video). In the
tomographic reconstruction the Zn signal can be used
as a proxy for the general size of the nucleus, as Zn
content has been shown to be elevated in the
nucleus.®®° In contrast, NC aggregates NC 2 and NC 3
are distributed in the perinuclear compartment, while
NC 1 is associated with extranuclear Zn within the
cytoplasm (Supplementary Figures S9 and S10 and
Supplementary Video). One of the images from the tilt
series (Supplementary Figure S11) was used to quantify
the Ti content of different aggregates (NC 1—5). On the
basis of this quantification, the two nuclear NC aggre-
gates NC 4 and NC 5 account for 21.1% of the Ti content
of this cell.

In contrast, scrambled NC treated cells showed no
nuclear NC presence. Whenever it appeared that these
NCs were in the nucleus when the cell was observed at
one rotation angle, it was later found under additional
angles that the location of scrambled NCs was extra-
nuclear (Figure 6e,f, Supplementary Figure S12).

Finally, scanning of several cells at the same angle
before and after sample rotation and extended

VOL.7 = NO.12 = 10502-10517 = 2013 ACSN\JANIC)

WWW.acsnano.org

10508



P 0.00.2.75 ugcrn S 00000788 ug/cm: Ti 000255 ugcz  F@ 0.00-131 00/ . Z N 0.0000- 0558 ugicr? Ti+2Zn +S

Figure 6. Bionanoprobe images and tomographic reconstructions of frozen-hydrated HeLa cells treated with NCs for 30 min
at 37 °C. (a) In a cell treated with B-loop NCs at 37 °C for 30 min the presence of NCs (represented by Ti and Fe signals) can be
seen both in the cytoplasm (NC 1, NC 2, and NC 3 localize to regions with distinct S signal and weak P and Zn signals) and in the
nucleus (NC 4 and NC 5 localize to areas with strongest Zn and P signals) at a scan angle of 0 degrees. The same cell was
rotated, and the two NC hotspots (NC 4 and NC 5) overlapping with nuclear Zn remain overlapped with Zn at (b) 54 degrees
and (c) —60 degrees. All angular projections of this cell are shown in Supplementary Figure S9. (d) Tomographic
reconstructions of the cell in (a)—(c) showing the XY orthoslice of the Zn distribution (white) and an isosurface representation
of the Ti distribution (green). The two NC hot spots labeled NC 4 (left panel) and NC 5 (right panel) clearly co-localize with the
nuclear Zn signal. Additional tomographic reconstructions are shown in Supplementary Figure S10 and the Supplementary
Video. (e, f) Under the same treatment conditions, scrambled NCs do not localize to the nucleus. While at a scan angle of
6 degrees the Ti and Fe signals appear to co-localize with nuclear Zn (arrowhead), a scan of the same cell at 54 degrees (f)
shows the Ti and Fe signals to be in an area directly above the nucleus within the cytoplasm. All angular projections of the cell
in e are shown in Supplementary Figure S12. At the end of the tilt series, cells in (a) and (e) were scanned again at 0 and 6
degrees, respectively, to show that there were no morphological changes due to data collection (Supplementary Figure S13).
Scale bars: 10 um.
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X-ray beam exposure was done in order to evaluate if
X-ray beam exposure led to sample degradation
(Supplementary Figure S13). The morphology of the
nucleus and cytoplasm (indicated by elemental distri-
bution of Zn, S, etc.) as well as nanomaterial distribu-
tion was not changed between scans.

DNA Degradation Evaluation by Comet Assay. Activation of
TiO, with photons of wavelengths smaller than 388 nm
leads to the formation of free electrons and electro-
positive holes that can then generate reactive oxygen
species (ROS) within the local environment of the
NP.>®2 TiO, NPs doped with iron have an even more
narrow band gap and can be photoactivated with light
wavelengths of 350—450 nm depending on the ratio
between Fe and Ti.>3%* Fe;0,@TiO, NPs such as the
ones used in the current work can also be activated
with white light3® Within cells, ROS can lead to lipid
peroxidation, protein denaturation, and DNA damage,
any of which can have cytotoxic effects.®> However, it
has also been shown that ROS cannot travel farther
than 1.1 um away from the NP itself in an aqueous
environment® and that within cells hydroxyl radicals
have a diffusion distance of only 60 A.°% Therefore,
successful delivery of NCs to cell nuclei followed
by light activation can be expected to cause more
DNA damage than the delivery of NCs to the cyto-
plasm or perinuclear region. As a corollary, NP activa-
tion after a completed nuclear delivery of B-loop NCs
(incubation at 37 °C in the absence of inhibitors of
EGFR nuclear translocation) should cause more DNA
cleavage than photoactivation of any of the following:
scrambled NCs or B-loop NCs incubated with cells at
4 °C or in the presence of EGFR nuclear translocation
inhibitors.

We evaluated DNA damage induced by photoacti-
vation of NCs using a neutral comet assay protocol
developed by Olive and others,%”® also known as
single-cell gel electrophoresis assay (Figure 7). The
neutral comet assay can be used to measure double-
strand DNA breaks over a range of 50 to 10 000 breaks
per cell.®” In addition, heterogeneity in comet appear-
ance is associated with DNA cluster damage, which is
often seen after irradiation with heavy ions that can
cause multiple double-strand DNA breaks in close
proximity.®® Several approaches for graphic represen-
tation of comet assay data are in use;®”%87%7" we
present our data using all of these approaches. In
Figure 7 we present the data in its simplest form: as
percent of total DNA in the comet tail, averaged for all
the cells exposed to the same treatment. Olive tail
moments (Supplementary Figure 14) provide a mea-
sure of both % DNA in the comet tail and the tail
length.®”®® While this representation of the data is
more informative, it does not allow a direct comparison
between treatments with different types of DNA-
damaging agents, and thus, positive controls used in
this work could not be directly compared with the NC

YUAN ET AL.

treatments. Finally, Supplementary Figure S15 gives
each individual cell's percent tail DNA plotted against
total cell fluorescence. This representation of the
data demonstrates variability of accumulated DNA
damage, particularly in cells with NCs inside nuclei.
On one hand, NCs inside nuclei are more likely to
cause clustered DNA damage than more distant
NCs in the cytoplasm (considering an average travel
distance of 60 A for ROS inside cells, we can assume
that only a fraction of the ROS produced by cytoplas-
mic NCs reaches the nucleus). On the other hand,
variability in DNA damage may also be a reflection of
cell-to-cell variability in the quantity of NCs inside
nuclei.

Figure 7a (and Supplementary Figures S14 and
S15) shows results of NP activation in cells illumi-
nated with white light for 10 min after they were
treated with no NPs, 10 nM B-loop NCs, or 10 nM
scrambled NCs. At the outset of this experiment, all
cells were treated at 4 °C for 30 min to allow for NC-
EGFR binding, but not endocytosis. Samples were
then separated and some remained at 4 °C, while
others were incubated at 37 °C for 1 h to allow for
nuclear translocation. After incubation, cells at both
incubation time point were either illuminated with a
150 W halogen lamp under a thin layer of PBS for
10 min to photoactivate NCs or kept in the dark.
Cells were immediately embedded in agarose and
processed according to the neutral comet assay
procedure.®’

Figure 7b (and Supplementary Figures S14 and
S15) shows comet assay results of scrambled NCs
and B-loop NCs cell treatments in the presence or
absence of 10 uM dasatinib or 5 uM competitor
EGFR-NLS-phosphopeptide. Both of these treat-
ments have been used to prevent translocation of
EGFR into the cell nucleus.?>?*?55272 While dasati-
nib acts as an inhibitor of ¢c-Src kinases and prevents
EGFR nuclear translocation through this mechanism,
EGFR-NLS-phosphopeptide binds to and over-
whelms the nuclear import machinery responsible
for nuclear accumulation of EGFR. In this set of
experiments illumination was done with UV light
over a period of 8 min (0.8 J/cm?). Even under this
relatively extensive illumination (sufficient to lead to
DNA unwinding in cells that were illuminated in the
absence of NCs) B-loop NC treated cells in the
absence of inhibitors developed comets with a sig-
nificantly higher percent DNA tail than any of the
other samples. A similar experiment done with a
shorter UV illumination (3 min, corresponding to
0.3 J/cm?), shown in Supplementary Figures S14
and S15, shows no difference between nontreated
nonilluminated cells and control-treated samples;
however, following this treatment a significant in-
crease in DNA damage occurred in B-loop NC treated
and illuminated cells.
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Figure 7. Light activation of NCs inside cells leads to DNA degradation, most pronounced in cells treated with B-loop NCs in the
absence of inhibitors of EGFR nuclear transport. NC-treated cells were either (a) exposed to white light or (b) UV illuminated.
Immediately after illumination cells were embedded in low melting point agarose and subjected to neutral ;ysis. Following
electrophoresis, cellular DNA was stained and imaged and comet tails were evaluated using CASP software.”® The data are
displayed as percent DNA in the tail. Box height represents the interquartile range (IQR); the centerline, the median; the
whiskers, 1.5 times the IQR; and dots represent values greater than the IQR. **** = p < 0.0001, ** = p < 0.01. (a) Cells treated with
B-loop NCs, scrambled NCs, or no NPs for 60 min at 37 °C (60) or only at 4 °C (0) were either illuminated with white light (+) for
10 min or kept in the dark (—). Cells treated with 880 «M H,0, were included as a positive control. (b) HeLa cells untreated or
pretreated with inhibitors of EGFR nuclear transport (10 xM dasatinib and 5 ©M EGFR-NLS phosphopeptide) were treated with
B-loop NCs, scrambled NCs, or no NPs for 30 min at 37 °C. lllumination with UV light over a period of 8 min (0.8 J/em?) was done,
and the cells were immediately embedded and processed. Cells treated with 25 ¢M KMnO, were included as a control.

DISCUSSION peptides,”® or anti-EGFR antibodies.”” However, the

Many strategies for cellular targeting have employed ~ specificity of EGFR-targeted delivery remains contro-
different EGFR-targeting ligands and moieties such versial because of the ubiquitous presence of this
as whole EGF/*’®> EGF fragments*’® EGFR-binding  receptor and its important role in maintaining the
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health of normal tissue. The NCs shown here utilized
interactions with EGFR to not only enter cells but also
translocate to the cell nucleus. Other peptides (and
peptide-conjugated nanoconstructs) known to enter
cells and translocate to the cell nucleus are most often
constructed to carry the NLS sequence on their own.”®
Such peptides bind directly to the karyopherins, and
some have been shown to allow NPs of up to 234 nm to
translocate to the nucleus.”® However, NLS carrying
peptides cannot differentiate between cells of differ-
ent nuclear EGFR status, while B-loop NCs from our
current work utilize the native interaction between
ligand-bound EGFR and karyopherin-3 to enter the
nucleus. Since the nuclear import of EGFR is associated
with more aggressive cancers,® 4202224515380 ;¢
ing NC delivery to the nuclei of such cells may be a
more nuanced approach for NC delivery.

To demonstrate the translocation of B-loop NCs
to cell nuclei, we used several complementary
techniques, including cryogenic, tomographic high-
resolution X-ray fluorescence microscopy at the Bio-
nanoprobe. This instrument can scan frozen whole
cells under cryogenic conditions, thus allowing for
the study of native, hydrated architecture and ele-
mental distribution. These frozen-hydrated samples
can be imaged at the Bionanoprobe at multiple
rotation angles to generate three-dimensional to-
mograms that will greatly improve our ability to
pinpoint the location of NPs within cells. While XFM
tomography has been achieved before with dry rigid
samples at room temperature,>* accurate hard X-ray
3D mapping of hydrated biological samples such as
mammalian cells requires cryopreservation. Cryo-
genic handling of cell samples not only preserves
intact cellular structures and elemental distribution
but also protects the samples from radiation damage
during data collection.?’ The Bionanoprobe can be
used for imaging of frozen-hydrated samples at
cryogenic temperatures; moreover, these samples
are scanned with step sizes smaller by at least 1 order
of magnitude compared to other XFM instruments.
These capabilities complement analytical electron
microscopy (EM), in that the Bionanoprobe can carry
out elemental mapping at high resolution and high
sensitivity in “thick” specimens, without degradation
of spatial resolution through increased specimen
thickness. Although analytical EM allows still higher
spatial resolution and excellent visualization of spe-
cimen ultrastructure, it is effectively limited to thin
sections on the order of about 100 nm (thus limiting
quantitative studies).

Another indication of nuclear accumulation of
B-loop NCs was the more extensive nuclear DNA
cleavage in cells treated with NCs in the absence (but
not presence) of EGFR nuclear transport inhibitors. In
our previous work, we demonstrated that TiO, NPs can
be photoactivated to cleave DNA in a cell-free
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environment.? In this study, we show that the Fe;0,@-
TiO, NPs functionalized by a B-loop peptide behaved
as EGFR ligands and a fraction of the NCs could reach
the cell nucleus. Activation of nuclear NCs by UV or
white light led to significant localized DNA damage,
resulting in double-strand DNA breaks. Therefore, one
potential application of these nucleus-localizing NCs is
photodynamic therapy given either intraoperatively or
topically.

In addition, this targeting strategy could also
be used to improve the delivery and therapeutic
index of DNA-binding agents or topoisomerase
inhibitors.8#®% For example the DNA intercalating
anthracycline doxorubicin could be more specifically
delivered to the nucleus once attached to B-loop
NCs. While we have shown previously that doxoru-
bicin can bind directly to bare Fe;0,@TiO, NPs,**
other chemotherapeutic agents that cannot bind
directly to the NP surface can be attached via cate-
cholamine linkers.

It should be noted that the TiO, nanoparticle
surface is reactive and can be expected to engage
in nonspecific protein binding,****#* even though
the B-loop peptide coating governs specific interac-
tion with the extracellular surface of EGFR. Others
have found that in some cases accumulation of a
protein corona on engineered NPs modulates their
behavior.2>#% Plasma protein accumulation on TiO,
NPs of different shapes and sizes has been a major
focus of many studies.**%78 Therefore, before we
can expect to replicate the findings shown here
in vivo we will need to adapt the B-loop NCs for such
use. One potential improvement is to decrease the
aggregation of these NCs in solution, as this can lead
to significant NC size polydispersity. In particular,
larger NCs have been shown to interact with cells
more via sedimentation,®® which could alter the
dosing characteristics both in vitro and in vivo.?*
The addition of surface moieties such as amphiphilic
or hydrophilic polymers, known to improve NP
stability and biocompatibility in vivo,”® will be
tested. These and other modifications should
prevent or reduce nonspecific interactions of NCs,
improve NC stability by decreasing aggregation,
and provide that the B-loop peptides are exposed
enough to secure the ligand-mimicking function
of NCs.

CONCLUSIONS

We have shown that mimicking EGFR's native ligand
can improve the cellular uptake and nuclear transloca-
tion of photoactivatable Fes0,@TiO, NPs. Significantly,
the nuclear accumulation of EGFR is especially
prominent in cancer cells, where the activity of DNA-
cleaving NCs would be most desirable. For example,
nuclear EGFR is associated with increased resistance
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to chemotherapy,®® and nuclear EGFR levels are inver-
sely correlated with survival in several types of
cancer.'>*'”3 Therefore, co-opting EGFR's nuclear

METHODS

NP Synthesis and Characterization. Fe30,@TiO, NPs were
synthesized by a modified sol—gel method.> In brief, Fe;0,
cores were synthesized by stirring a mixture of FeCl, and FeCls
in 24 mmol of citric acid for 3 h at room temperature. The
resulting solution was allowed to gel in static air at 50—70 °C for
12 h. Subsequently, the TiO, shell was added when iron oxide
core particles were stirred at 4 °C with gradual addition of TiCl,.
Cores and core—shell NPs were sized by atomic force micro-
scopy (AFM) on a Veeco Multimode V AFM operated in tapping
mode (Supplementary Figure S1a,b). The concentrations of Ti
and Fe were determined on an X Series Il inductively coupled
plasma-mass spectrometer (Thermo Scientific). NPs dialyzed in
10 mM sodium phosphate buffer pH 6 were used as “bare NPs”
(for zeta potentials and more details see Supplementary Table S1).

NP Surface Functionalization. N-Terminal 3,4-diphenylacetic
acid conjugated B-loop (DOPAC-MYIEALDKYAC-COOH) and
scrambled (DOPAC-EAKLDYMCIYA-COOH) peptides were syn-
thesized by the IBNAM Peptide Chemistry Core of Northwestern
University. A schematic representation of conjugation is pro-
vided in Supplementary Figure S2; additional details about the
peptide conjugation process are provided in the Supplemen-
tary Methods.

NCs used for experiments were synthesized as follows. The
peptides were diluted to a concentration of 324 uMin 160 uL of
dH,0 and then mixed vol:vol with 880 nM NPs in an oxygen-free
atmosphere to yield a 30% NP surface coverage (more details
are given in the Supplementary Methods subsection “Peptide
and dye conjugation to NPs"). Conjugation was performed at
4 °C for 16 h, and free, unconjugated peptides were separated
from functionalized nanoconjugates by centrifugation at 9000g
for 10 min. NC pellets were resuspended in dH,O or serum-free
EMEM. NCs prepared in this manner were used to measure NCs'
zeta potentials (Supplementary Table S1) and imaged by cryo
transmission electron microscopy (Supplementary Figure S1c,d).
Quantification of NP surface conjugated peptides was done by
measuring the amount of unbound peptide in the supernatant
(Supplementary Figure S3b). Peptide-carrying NCs in this work
were used within 72 h after the beginning of the conjugation of
peptides to NPs.

Cell Culture. HelLa cervical cancer cells were grown in EMEM
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37 °C and 5% CO,. For immunofluorescence,
cells were grown on LabTek Il microscope slides (LabTek) at a
density of 5 x 10* cells per slide; for X-ray fluorescence
microscopy, Hela cells were grown on 1.5 mm x 1.5 mm
SisN4 windows (Silson) at a density of 4000 cells per window.

For evaluation of NC uptake by flow cytometry and pre-
paration of samples for comet assay, cells were treated with NPs
after they reached 60% confluency one day after seeding.

In all cases cells were treated in serum-free EMEM with NCs
at 10 nM final concentration.

Pulldown Assay and Western Blotting. HeLa cell protein extracts
(for more details see Supplementary Methods, “Protein isolation
and NC-protein pulldown experiments” subsection) were di-
luted to 2 mg/mL and either loaded on Western blots as the
“Inputs” (Figure 1; Supplementary Figure S3a) or incubated, with
mild agitation, with 352 nM B-loop NCs, scrambled NCs, or bare
NPs for 2 h at 4 °C. Subsequently, the mixtures were centrifuged
at 9000g for 10 min at 4 °C to pellet NPs with bound proteins;
the supernatants were labeled “FT” (for flow through)
(Supplementary Figure S3c). The pellets were then washed by
resuspending in lysis buffer followed by centrifugation; this step
was repeated two more times, yielding a total of three wash
fractions (W1, W2, W3) (Supplementary Figure S3c). Following
the last wash step, the pellets were resuspended in Laemmli
buffer containing 2-mercaptoethanol and incubated at 95 °C for
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trafficking to deliver genotoxic NPs may be one
strategy that can be used to treat more aggressive
cancer cells.

10 min to elute proteins. The samples were centrifuged one final
time, and the supernatants were collected and size separated
by SDS-PAGE. EGFR was detected by a rabbit monoclonal
antibody (Epitomics) diluted 1:5000 in TBST/5% nonfat dry milk.
Karyopherin-f and S-actin were labeled by mouse monoclonal
antibodies (Abcam and Cell Signaling, respectively) diluted
1:5000 in TBST/5% nonfat dry milk.

Flow Cytometry. Fluorescent DY554-DOPA (56 uM) was mixed
1:1 vol:vol with 0.51 uM NPs in dH,O to yield an estimated NP
surface dye coverage of 5% (for additional details see Supplemen-
tary Methods subsection “Peptide and dye conjugation to NPs").
B-Loop and scrambled peptides were conjugated to DY554 NPs as
described above and in the Supplementary Methods.

Hela cells were treated with 10 nM B-loop/DY554 NCs,
scrambled/DY554 NCs, or DY554 NPs for 30 min at 4 °C to allow
for receptor binding, but not endocytosis. Subsequently, trea-
ted cells were washed with acidic glycine (0.2 M glycine, 0.15 M
NaCl, pH = 3.0) to remove NCs or NPs randomly adhering to the
cell membrane. It has been our experience that nontargeted
interactions between NPs and proteins persist after such a
wash.*® To allow for endocytosis and intracellular trafficking,
treated and washed cells were then moved to 37 °C for 5, 30, or
60 min. After a final wash in acidic glycine buffer and then PBS,
cells were harvested by trypsinization and fixed in a 4 wt %
solution of formaldehyde in PBS for 10 min at 25 °C. Flow
cytometry was carried out in PBS on a LSR Fortessa Analyzer
(Becton-Dickinson) with an excitation wavelength of 552 nm
and bandpass filter 585/615 nm for DY554-conjugated NPs/NCs.
Gating and data analyses were done with FCS Express V3
software (De Novo Software).

Immunofluorescence and Gold Labeling. HelLa cells grown on
slides or windows for XFM were serum starved for 1 h and
treated with 10 nM NCs or NPs in serum-free EMEM for 1 h at
4 °C. This incubation allowed interaction between NCs and cell
surface receptors, but at 4 °C endocytosis could not progress.
Cells were washed with acidic glycine buffer to remove non-
specifically bound NCs or NPs. Afterward, samples were either
incubated at 37 °C for 30 min or left at 4 °C. Subsequently, all
slides or windows were washed with PBS, fixed in 4% formal-
dehyde in PEM buffer, and permeabilized in PEM with 0.2%
Triton X-100 for immunolabeling. Rabbit monoclonal primary
antibodies against EGFR (Epitomics) were used with goat anti-
rabbit secondary antibodies conjugated to either AlexaFluor-
488 (Abcam) for immunofluorescence or Fluoronanogold
(Nanoprobes) for XFM. For immunofluorescence, cell nuclei
were poststained with Hoechst 33342, while NPs and NCs were
poststained with 1 mM ARS. Poststaining of NPs and NCs allows
for maximal ARS dye coverage of the NP surface without
interfering with ligand—receptor binding and is comparable
to prelabeling of NPs with ARS for light microscopy.*® ARS dye
binds to the NP surface better than non-catechol carrying
molecules adsorbed to the NP surface. Therefore, ARS out-
competes all NP surface interactions with the exception of
DOPAC-functionalized peptides. It should be noted, however,
that fluorescence quantum yield of alizarin reaches 0.001 at
best, > 900-fold less than “standard” Alexa dyes (e.g., according
to Invitrogen, fluorescence quantum yield for AlexaFluor-488 is
0.92). Therefore, in order to be visible after ARS staining, NC
aggregates have to contain many particles.

Confocal fluorescence microscopy was performed on a
Zeiss UV LSM 510 META (Carl Zeiss) with excitation/emission
wavelengths of 405/420 nm for Hoechst, 488/505 nm for
AlexaFluor-488, and 543/561 nm for ARS.

X-ray Fluorescence Microscopy. Hela cells were grown on SisNg
windows, treated with NCs, fixed with 4% formaldehyde,
labeled with gold-conjugated antibodies, and air-dried in pre-
paration forimaging at the X-ray microprobe at sector 2-ID-D at
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the Advanced Photon Source at Argonne National Laboratory.
The windows were raster scanned with 11.98 keV hard X-rays
produced by an undulator source and monochromatized
through a Kohzu Si<111> monochromator. The X-ray beam
was focused by a Fresnel zone plate to a spot size of
200—250 nm. The cells were raster scanned with a step size of
500 nm and dwell time of 2 s per step (Figure 4a and b) or
200 nm and 2 s per step (Figure 4c and d). The X-ray-induced
X-ray fluorescence at every scan step was recorded by an
energy-dispersive silicon drift detector (Vortex EM, SlI
Nanotechnology). These data were fitted against elemental
NBS standards 1832 and 1833 using MAPS software in order
to allow elemental quantification for each pixel.”*

Cryogenic X-ray Fluorescence Microscopy and Tomography. For scan-
ning at the Bionanoprobe, SizN, windows with NC-treated cells
were washed and then plunge frozen in liquid ethane using a
FEI Vitrobot (FEl). The samples were prescreened on a Nikon
microscope equipped with an Instec CLM77K cryo-stage. These
frozen-hydrated cells were then scanned at the Bionanoprobe
at sector 21-ID-D with monochromatic 10 keV hard X-rays
focused to a spot size of either 50 or 70 nm using Fresnel zone
plates. The cells were raster scanned with a step size and dwell
time of 200 nm and 400 ms (Figure 5a), 250 nm and 200 ms
(Figure 5b and ¢), 150 nm and 500 ms (Figure 6a), 300 nm and
200 ms (Figure 6b and c), 200 nm and 400 ms (Figure 6d and e),
and 250 nm and 200 ms (Figure 6f). The fluorescence spectra at
each scan step were collected with a four-element silicon drift
detector (Vortex ME-4, SIl Nanotechnology) and fitted and
quantified by comparison to a standard reference material
(RF8-200-S2453, AXO Dresden GmbH) using MAPS software.
Multiple angle projections of each cell were obtained
(Supplementary Figures S8—510, S12, and S13).

Tomographic Reconstruction of XFM Images. Twenty-three
projections covering a total angular range of 138 degrees in six-
degree increments were aligned via a cross-correlation algo-
rithm and reconstructed via the ImageJ plugin TomoJ.>® Alge-
braic reconstruction in TomoJ was performed with the
simultaneous iterative reconstruction technique (SIRT) with 30
iterations and a relaxation coefficient of 1. The reconstructed Zn
and Ti signals were visualized with Amira 5.4.5 (VSG/FEI).

Neutral Comet Assay. Cell Preparation. About 2.5 x 10° Hela
cells per dish were seeded and allowed to grow overnight.
For comet assay experimental setups without inhibitors of EGFR
nuclear transport, cells were serum starved for 1 h prior to NC
treatment, then chilled to 4 °C for 30 min before the NCs were
added directly to serum-free EMEM. The cells to be treated
with EGFR nuclear translocation inhibitors (and cells exposed
to mock inhibitor treatment) were seeded on T25 flasks and
allowed to attach to the flask and grow for 12 h; at that
time, cells were transferred to serum-free media. PBS or the
small molecule inhibitor dasatinib (BioVision) was added to
cell media to a final 10 uM treatment; this treatment lasted
for 12 h prior to NC treatment as recommended in the
literature.>>”2 Similarly, competitor peptide EGFR-NLS-phos-
phopetide AcRKRT(PO3H3)LRRLK?>?® (synthesized by IBNAM
Peptide Chemistry Core of Northwestern University) was added
to cells in serum-free media 12 h prior to NC treatment; the
final concentration of this peptide in media was 5 uM, as
suggested in the literature.?>?® NCs were added directly to each
one of the plates, into serum-free EMEM to a final 10 nM
concentration.

NC Treatments and llluminations. For visible light illumina-
tion experiments (Figure 7a) cells were transferred to 4 °C
30 min prior to NC treatment, and the pairs of T25 flasks were
then treated with PBS, 10 nM scrambled NCs, or 10 nM B-loop
NCs for 30 min at 4 °C. One T25 flask from each treatment pair
was then transferred to 37 °C and incubated for 1 h to allow
for endocytosis and nuclear trafficking (samples labeled
60 min), while the other was kept at 4 °C (samples labeled
0 min). At the conclusion of the NC uptake period, cells were
washed with PBS, scraped, and separated from each other by
vigorous pipetting in a final volume of 800 uL of PBS. Half of the
cells from each sample were resuspended in 400 uL of PBS and
spread over the surface of a single well of a six-well plate and
illuminated for 10 min. For this illumination a quartz halogen
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lamp (Fiber Lite MI-150, Dolan Jenner) was used, producing
primarily white light (with a transmittance of 20% at 400 nm).
One T25 flask of cells was treated with 880 «M H,0, for 20 min at
4 °C as a positive control.

T25 flasks with cells pretreated with EGFR nuclear trans-
location inhibitors were transferred to 4 °C 30 min prior to NC
treatment, and the pairs of T25 flasks were then treated with
PBS, 10 nM scrambled NCs, or 10 nM B-loop NCs for 30 min at
37 °C. UVillumination of NC-treated cells in the presence and
absence of inhibitors of EGFR nuclear translocation was done
similarly to that for white light. Cells from each sample were
collected in PBS and split into two aliquots, and one was left
in the dark while the other was illuminated with a UV lamp
with 0.8 J/cm?. Cells incubated for 20 min at room tempera-
ture with 25 uM potassium permanganate served as a control;
under these conditions mild DNA damage (few DNA double-
strand breaks) was to be expected.96

For short UV-light illumination (Supplementary Figures S14
and S15), prechilled cells in serum-free EMEM were treated with
NCs for 30 min at 4 °C and then additionally incubated for
30 min at 37 °C. Half of the cells per treatment group were ex-
posed to 0.3 J/cm? of UV light while suspended in 400 uL of PBS.

Cell Lysis and Comet Electrophoresis. Immediately upon
illumination cells (in 400 uL of PBS) were mixed with 1.2 mL
of 1% low melting point agarose with 2% DMSO, split in half
and cast on two slides. Slides were submerged in neutral lysis
solution (2% DMSO, 2% sarcosyl, 0.5 M Na,EDTA, 0.5 mg/mL
Proteinase K, pH = 8) and then lysed at 37 °C for 16—24 h.
DMSO was added in order to prevent any possible additional
DNA damage during the steps that followed. These slides,
washed in running buffer (90 mM Tris, 90 mM boric
acid, 2 mM Na,EDTA, pH = 8.5) were subjected to electro-
phoresis at 0.6 V/cm for 25 min, all according to the published
procedure for neutral comet assay.®” DNA was stained for
30 min in 2.5 ug/mL propidium iodide and washed in water.
Images of individual cells were collected either on a Tissue-
Gnostics Cell Analysis microscope (TissueGnostics) or with
a full field fluorescent Zeiss microscope using rhodamine
filter.

Comet Data Analysis. The resulting images of individual
cell comets were analyzed using CASP software (http://cas-
plab.com/).”® Olive tail moments for each sample are given in
Supplementary Figure S14; total fluorescence and percent
DNA in the tail comet parameters for each analyzed cell are
presented in Supplementary Figure S15. Box whisker plots for
cumulative percent tail DNA for each sample are shown in
Figure 7. Plotting “percent tail DNA” for comet assay is
considered the most suitable way to express the DNA dam-
age when one wishes to compare effects of different DNA-
damaging agents,”® which is applicable to our case because
we compared different DNA-damaging agents: NCs with
H,0, and KMn0O,.”"¢ Olive tail moment values, on the other
hand, are used to show the extent of DNA damage when the
same DNA-damaging agent is used.®”%®

Overall Statistical Analysis. In all figures data points represent
mean = standard error unless otherwise noted. Differences in
means were compared with Student's t-test with a significance
level of 5%.
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