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ith more than 10 million new

cases every year, cancer has be-

come one of the most dreadful
diseases worldwide. Current cancer treat-
ments include surgical intervention, radia-
tion therapy, and chemotherapeutic drugs,
which often kill healthy cells and cause se-
vere side effects.’ Site-specific delivery of
drugs and therapeutics can significantly re-
duce drug toxicity and increase the thera-
peutic effects.? Recent advances in nano-
medicine research have shown the
capability of using nanoparticles (NPs) to
treat intractable diseases (viral, genetic, can-
cerous) as they are the only microscopic ob-
jects that can gain access to the cells and
function as therapeutic agents.3 NPs could
be used as effective therapeutic agents for
intracellular imaging, targeting, and in the
delivery of drugs, genes, and vaccines.'* ¢
Cellular targeting is often achieved by bio-
conjugation of polymeric (drug carriers),
metallic, or ceramic NPs with ligand pro-
teins that can bind to the overexpressed re-
ceptors on the target cells.”” NP—protein
conjugation is often influenced by the sur-
face potential differences, and understand-
ing their specific interactions leading to
their cellular uptake is crucial for targeted
drug delivery.®

CNPs have been shown to be biocom-

patible, nontoxic, and have excellent antiox-
idant properties in the prevention of reac-
tive oxygen species (ROS)-mediated cell
damage in animals.? CNPs have been found
to prevent healthy cell damage during ra-
diation therapy'® and provide neuroprotec-
tion to spinal cord neurons'’ by acting as an
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ABSTRACT Nanoparticles have shown tremendous potential for effective drug delivery due to their tiny size

and cell membrane penetration capabilities. Cellular targeting with nanoparticles is often achieved by surface

modifications followed by ligand conjugation. However, the efficiency of the nanoparticles reaching the target

cells and getting internalized depends on the stability of targeting ligands and the chemical nature of the ligand

nanoparticle binding. Recent advancements in nanobiomaterials research have proven the superoxide dismutase

(S0D) mimetic activity of cerium oxide nanoparticles (CNPs) in protecting cells against oxidative stress. Due to their

excellent biocompatibility, CNPs can be used as a potential drug carrier that can transport and release drugs to

the malignant sites. Here we combine single molecule force spectroscopy (SMFS) and density functional theory

(DFT) simulations to understand the interaction between transferrin, a ligand protein overexpressed in cancer

cells, and CNPs. SMFS studies demonstrate an increase in the transferrin adhesion to the nanoparticles’ surface

with an increase in positive { potential of CNPs. Binding energy values obtained from DFT calculations predict an

increase in bond strength between the transferrin and CNPs upon surface protonation and charge modification.

Transferrin-conjugated CNPs were tested for their binding stability and preferential cellular uptake efficiency by

incubating them with human lung cancer cells (A549) and normal embryo lung cells (WI-38). The results

demonstrate the importance of tuning the surface properties of nanoparticles for better ligand adsorption and

cellular uptake.

KEYWORDS: single molecule force spectroscopy - atomic force

microscopy - transferrin -

antioxidant. Due to their smaller particle
size, nontoxic nature, and excellent biocom-
patibility, CNPs have the potential to be
used as drug carrier and delivery agents.
Ligand-receptor-mediated drug delivery
and imaging systems have attracted pri-
mary focus in nanomedicine.'?'3 Transfer-
rin (Tf) is a cellular targeting ligand protein
(Supporting Information Figure S1) used for
transportation and supply of iron to grow-
ing cells in the body. The iron uptake pro-
cess involves binding of iron carrying Tf to
the Tf receptors (TfRs) expressed on the
cells followed by their internalization via
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Figure 1. Particle size, crystal structure, and surface potentials of CNPs. (a) HRTEM, (b) AFM image, and (c) XRD spectrum of
fluorite structured CNPs; (d) ZP plot of CNPs treated with different pH buffers. AFM and HRTEM images show that the CNP
particle size is between 7 and 10 nm. XRD pattern and HRTEM images show the presence of dominant (111) planes of ce-
rium oxide fluorite structure. Positively charged CNPs were obtained by acidic buffer treatment (more H* ions on surface),
while basic buffer treatment (more OH™ ions on surface) resulted in negatively charged CNPs. The isoelectric point (pl) is ob-
served at 8.5. Each sample was analyzed 30 times (n = 30), and the average values of ZP with standard deviation (mean =

sd) are plotted here.

receptor-mediated endocytosis.™ With a motivation to
develop a potential targeted drug delivery system, we
have chosen CNPs as our model NP system and Holo-Tf
(Tf carrying two iron ions) as the cellular targeting
agent.”® Many studies have been carried out using Tf
as a targeting ligand to deliver a wide range of thera-
peutic agents including nanoparticles into malignant
sites that overexpress TfRs.'>~'° Since surface potential
differences play a major role in NP—protein adhesion,®
Tf could be attached to CNPs through electrostatic ad-
sorption. During the transportation as well as cellular in-
ternalization process, changes in the local environmen-
tal pH could influence the surface charges and affect
the NP—protein binding. Hence, a molecular level un-
derstanding of NP—protein binding is essential to de-
velop effective cellular targets. No detailed studies have
been reported so far on the molecular level interaction
forces and adhesion behavior of Tf over the nanoparti-
cle surface.

Atomic force microscopy (AFM)-based SMFS20-23
has proven to be the most versatile technique that in-
duces molecular level interactions on surfaces using
functionalized probes and monitors them in real time
at subnanometer resolution. Here we have used SMFS
technique to probe the interaction forces between Tf
and CNPs with varying { potentials (ZPs), and an exten-
sive study on the importance of Tf adhesion on nano-
particle surface for preferential cellular uptake is pre-
sented. Density functional theory (DFT) along with
DFT+U technique is used to calculate the binding en-
ergy between the protein and the NP responsible for
preferential cellular uptake. Both high-resolution trans-
mission electron microscopy (HRTEM) and inductively
coupled plasma mass spectrometry (ICP-MS) measure-

ments were performed on human lung adenocarci-
noma epithelial cells and human embryo lung fibro-
blast cells to analyze and quantify the cellular
internalization of transferrin-conjugated CNPs
(Tf:CNPs) and bare CNPs.

RESULTS AND DISCUSSION

Cerium Oxide Nanoparticles. HRTEM image of base-
precipitated CNPs (mean size of 8.2 = 1 nm) and AFM
image of the same CNPs coated on a silicon substrate
are shown in Figure 1a,b, respectively. X-ray diffraction
(XRD) pattern of CNPs shows a fluorite structure with
dominant (111) planes (Figure 1c). CNPs redispersed in
deionized water showed a positive ZP of +39.6 + 0.631
mV in the synthesized condition, while Tf dissolved in
deionized water exhibited a negative ZP of —19.9 = 0.9
mV. In order to study the electrostatic interaction of
CNPs with negatively charged Tf, CNPs with different
surface charges were prepared by treating them with
acidic and basic pH buffers.2 CNPs treated with pH buff-
ers 5, 8, and 14 showing a ZP values of +36.4 *= 0.7,
+5.9 £ 1.2, and —35.1 = 0.9 mV, respectively, were
used for SMFS studies (Figure 1d).

Single Molecule Interaction of Transferrin with Cerium Oxide
Nanoparticles. SMFS measurements were carried out us-
ing a Tf-conjugated AFM tip (Figure 2a—c) on CNPs
(with { potentials of +36.4 = 0.7, +5.9 = 1.2,and —35.1
*+ 0.9 mV) coated on silicon substrate. To understand
the interaction mode and conformational changes of Tf,
SMFS measurements were also conducted on an atomi-
cally smooth silicon substrate in aqueous medium (Sup-
porting Information Figure S2). Figure 2d—f shows the
force-extension profile of Tf-coated AFM tip interaction
with CNPs of varying surface potentials. The corre-
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sponding unbinding force and un-
binding length histograms of rupture
events are also shown in Figure 2g—I.
These results indicate that the adhe-
sion between Tf and CNPs decreases
on tuning CNP surface charges from
positive to negative ZP values, with a
maximum for +36.4 £ 0.7 mV ZP. The
force spectrum corresponding to CNPs
of +36.4 = 0.7 mV ZP (Figure 2d)
shows multiple interaction events
due to the unbinding of proteins from
the CNP sample at three different
sites (strong interaction between Tf
and CNPs could result in the adhesion
of multiple proteins from the AFM tip
at different sites on the sample). The
highest unbinding force is observed at
the first dip where the magnitude of
pull-off force is ~2.835 nN. As the ZP
is directly related to the particle sur-
face potential, a strong attraction is
observed between the Tf and positive
CNPs due to their high surface charge
difference. To confirm that the ob-
served changes in the force signals
were indeed originated from the
single molecule rupture events, the
force-extension profiles were fitted us-
ing entropic elasticity models, which
predict the relationship between the
applied force and the stretching of a
polymer molecule.?* The elastic prop-
erties of these stretching events can
be described by the worm-like chain
(WLC) model.Z% According to this
model, the force needed to stretch a
linear polymer molecule in a medium
to a length x is given by

o= (P 7 =5

M

where Kz is the Boltzmann constant, T is the absolute
temperature of the medium, b is the persistence length
(length of a stiff segment of the protein chain), L is the
contour length (length of the completely stretched

k Approach
Retract

©  WLCFit
+36.4 mV Ceria NPs

+° l

{, ¥5.9 mV Ceria NPs

0.4 =
-35.1 mV Ceria NPs

200 400 600 800 1000 1200
Extension (nm)

200 0

+36.4mV CeriaNpPs | +36.4 mV Ceria NPs

Frequency (a.u)

+5.9 mV Ceria NPs

+5.9 mV Ceria NPs

=
i
=
)
=4
5
=
=4
4
[

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Force (pN)

0 50 100150 200 260300 350 400 450 500 550 600 650 700
Force (pN)
n s =1

Frequency (a.u.) —.

= Frequency (a.u.) —

-35.1 mV Ceria NPs -35.1 mV Ceria NPs

a.u)

Frequency

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Force (pN)

1—_

LA Bl i L v 3 Ay * LI

0 75 150 225 300 375 450 525 600 675
Unbinding length (nm)

Figure 2. Schematic diagram of AFM probe functionalized with Tf interacting with positively
charged CNPs, the force-extension spectrum and the force, length histograms obtained on CNPs
with different ZPs. For protein—CNP interaction studies, (a) succinimide-functionalized AFM tip
was bioconjugated with Tf to form (b) Tf-terminated AFM probe. (c) Interaction of Tf-terminated
AFM tip with protonated CNPs. Force-extension plots of Tf interacting with CNPs of ZP (d) +36.4
+ 0.7 mV, (e) +5.9 £ 1.2 mV, and (f) —35.1 £ 0.9 mV. The corresponding force (g, i, and k) and
length histograms (h, j, and I) are also shown. Force and length histograms were obtained by con-
ducting multiple SMFS measurements on each sample. The total number of force and length val-
ues analyzed were n = 273 (g and h), 206 (i and j), and 210 (k and I).

o 1 2 3 4 5 6 7 8 9
Unbinding Force (nN)

less than the values typically reported for pulling single
proteins?®), and the contour length is also higher than
the maximum possible length (polypeptide chain of
678 amino acids corresponds to ~257 nm in length) of
a fully extended single Tf. This could be due to the si-

chain), and x is the distance between the attachment
points of the protein (extension or end-to-end distance
between the tip and sample). The stiffest element in a
peptide chain is the single amino acid unit, and it has a
length of ~0.38 nm, which corresponds to the persis-
tence length b in the WLC model.?® WLC fit yielded val-
ues of b = 0.024 = 0.003 nm and L = 423.2 = 5.7 nm
for the first interaction event (Figure 2d). Such a low
persistence length (~0.024 nm) is unphysical (1 order

www.acsnano.org

multaneous unfolding of multiple interacting proteins
attached to the tip?’ (since the Tf backbone is folded
into multiple helical groups, pulling Tf itself involves
stretching of many interacting protein chains). The sec-
ond and third unbinding force dips correspond to a
magnitude of ~748 and ~499 pN, respectively. These
additional dips in the force-extension spectrum reveal
multiple protein interactions with the NP surface. For
these interactions, we used a persistence length value
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Figure 3. Atomic structural model and energy profile of carboxyl ion of a glycinate interacting with
a CNP. (a) Side view of the relaxed configuration of a negatively charged glycinate ion on a triply pro-
tonated facet of CNP. (b,c) Representation of projection of electron localization function (ELF) on dif-
ferent planes passing through oxygen atoms of a protonated CNP and a glycinate ion, revealing
the formation of weak and strong hydrogen bonds between them. (d) Representation of ground-
state energy profile. Blue curve represents the ground-state energy levels of a protonated CNP inter-
acting with the carboxyl ion of a glycinate, and the red curve represents the sum of the ground-
state energies of a protonated CNP and a glycinate ion located at infinite distance. The binding
energy (cyan curve) between the protonated CNP and carboxyl ion of the glycinate was evaluated
as the difference between the red and blue energy curves. ELF plots also reveal that all the protons
formed strong hydrogen bonds with oxygen atoms of cerium oxide. Color code blue (ELF = 0) and
red (ELF = 1.0) represents full absence and full presence of electron pair in actual point of space.

ecule interaction events, and the
corresponding unbinding forces
are ~318 and ~596 pN, respec-
tively. WLC fit with a persistence
length of 0.5 nm yielded contour
lengths of 215.4 + 2.5 and 130.9
* 2.0 nm. The lower unbinding
force observed is due to the weak
interaction between Tf and CNPs
with lower positive surface po-
tentials. Unbinding force histo-
gram analysis shows that the
maximum number of rupture
force events is observed between
75 and 150 pN with a maximum
force at ~1.1 nN (Figure 2i), and
the maximum number of protein
unbinding lengths falls between
0 and 25 nm (Figure 2j). Similarly,
Figure 2f shows the force spec-
trum of Tf interacting with high
negative ZP (—35.1 = 0.9 mV)
CNPs, and the unbinding force
observed is ~349 pN. WLC fit
with persistence length of 0.5
nm yielded a contour length of
251.2 += 3.7 nm. Repeated SMFS
measurements on these samples
yielded a force of interaction
much lower than 349 pN and
within the range of 0 to 125 pN

of 0.5 nm, and the WLC model yielded a counter length
value of 203.1 * 3.1 and 83.5 = 6.7 nm for the second
and third dip, respectively. These contour lengths were
smaller than an estimated fully extended length of Tf
(~257 nm). Hence the second dip could be a result of
single molecule stretching of a peptide chain involving
unfolding of both the domains (N-lobe and C-lobe), and
the third dip could be likely due to the unfolding of
part of another peptide chain (most likely just one of
the two domains of the protein is involved in stretch-
ing). This kind of multiple protein stretching event hap-
pens due to the strong interaction of Tf with high posi-
tive CNPs, and most of the SMFS measurements carried
out on these samples showed similar multiple stretch-
ing events. According to the unbinding force histogram
analysis shown in Figure 2g, the majority of rupture
force events observed are between 150 and 225 pN
with a maximum force at ~9.0 nN. Even though they
had a wide spectrum of force range, events with a force
of magnitude higher than 1.5 nN were mostly nonre-
peating single events. Similarly, a majority of protein
unbinding lengths fall between 25 and 50 nm (Figure
2h). Figure 2e shows the Tf interaction spectrum with
CNPs having moderate ZP (+5.9 = 1.2 mV). The force-
extension spectrum shows two successive single mol-

ﬁ\r{(j VOL.3 = NO.5 = VINCENT ET AL.

(mostly a flat force spectrum at 0
nN was obtained due to the absence of interaction
events). Unbinding force histogram analysis showed al-
most negligible interaction force events with a maxi-
mum unbinding force at ~900 pN (Figure 2k). Here
above 50 pN, most of the events were nonrepeating
single events, and the unbinding length histogram ex-
hibited a peak close to 0 nm due to a higher number of
negligible interaction events (Figure 2I). The lower un-
binding force and length observed is due to the strong
repulsion between Tf and negatively charged CNPs.
Characteristic domain unfolding of Tf was observed in
some of the force-extension profiles (Supporting Infor-
mation Figure S3) and was very similar to the domain
unfolding usually seen in SMFS of other proteins.?
SMFS studies conducted on NP samples revealed a
strong binding affinity of Tf to the protonated CNP sur-
face. To understand the nature and type of Tf bonding
over CNP surface, theoretical simulation studies have
been carried out.

DFT Simulation of Protein Interaction with Protonated Cerium
Oxide Nanoparticles. Under physiological pH conditions,
Tf exhibits a higher number of negatively charged sites
on its surface. These sites contain carboxylate ions in
the form of aspartate (Asp) and glutamate (Glu) amino
acid residues? that can interact with protonated CNPs
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to form hydrogen bonds with the NP surface. Both
these residues are terminated with carboxyl ions at
each end. DFT simulation studies were conducted to
understand the nature of bonding between the car-
boxyl ion of the protein and the protonated CNPs. For
simplicity, we modeled the NP—protein interaction by
considering one glycinate ion (the simplest amino acid
structure with one carboxyl ion) interacting with one
CNP. Figure 3a shows the atomic structural model of
protonated CNP interacting with the carboxyl ion of
the glycinate. This octahedral CNP was derived from a
bulk fluorite lattice that exposes the most stable (111)
facets. To simulate the surface properties of CNPs with
respect to their surface charge conditions, different lev-
els of protonation varying from one to three H* ions
on the surface of CNP were considered. This is achieved
by terminating up to three neighboring oxygen atoms
on the same NP facet with one H* ion each. Relaxed
configuration of triple protonated CNP interacting with
the carboxyl ion of the glycinate is shown in Figure 3a.
All of the H" ions interacted strongly with the NP and
formed strong hydrogen bonds (more covalent in na-
ture) with its surface oxygen atoms. The length of the
O—H bond obtained here is 0.991 A. The projection of
electron localization function (ELF)? on different planes
(Figure 3b,¢) passing through oxygen atoms of the pro-
tonated CNP and the glycinate ion reveals the forma-
tion of weak hydrogen bonds (more ionic in nature) be-
tween one of the carboxyl oxygen atoms and multiple
protons on the CNP surface (Figure 3b). Here, the equi-
librium O—H distance obtained is 1.87 A. Meanwhile,
the second oxygen atom of the carboxyl ion, which is
in an equilibrium position with respect to one of the NP
surface protons, formed a strong hydrogen bond with
that proton (Figure 3c). This hydrogen bonding forms
the basis for strong interaction of proteins with CNPs.
Here, the equilibrium O—H distance obtained is 1.36 A.
Figure 3d shows the energy profiles of protonated CNP
interacting with the carboxyl ion of the glycinate as a
function of the number of protons on the NP surface.
The blue curve represents the total ground-state ener-
gies of CNPs interacting with the carboxyl ion of the gly-
cinate, while the red curve represents the sum of their
individual energies when they are separated by infinite
distance (no interaction with each other). Both the
curves show a decrease in the ground-state energies
with the addition of protons on CNP surfaces. However,
the ground-state energies of the carboxyl ion of the gly-
cinate interacting with doubly and triply protonated
CNP are not much different. This is due to the bending
of bonds as a result of relaxation of weak hydrogen
bond forming oxygen atoms to their equilibrium posi-
tions (total energy increases as the bond angles are
bent from their normal configuration). The decrease in
ground-state energies with increase in numbers of pro-
tons on NP surfaces showed that the triply protonated
CNP’s surface is at a more favorable energy state for car-
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boxyl ion interaction than the singly protonated CNP’s
surface. The total energies of CNP glycinate complex at
binding configuration and at a large separation are rep-
resented by the red and the blue curves in Figure 3d.
The difference of these total energies amounts to the
binding energy between the protonated CNP and the
carboxyl ion of the glycinate and is represented by the
cyan curve in Figure 3d. The binding energy values dis-
played a tendency to increase with an increase in the
number of protons on the NP surface. The binding en-
ergies between the carboxyl ion of a glycinate and a
CNP covered by 1 to 3 protons are 2.81, 4.03, and 4.19
eV, respectively. Hence, it is clear that adding more pro-
tons to the CNP surface could enhance the NP—protein
binding. Both SMFS and DFT simulation studies con-
ducted on CNPs revealed that Tf forms strong hydro-
gen bonds with a protonated CNP surface. The ligand-
receptor-mediated internalization of CNPs depends on
the stability of Tf adhesion on CNP surface in a physi-
ological environment. To test the stability of Tf coating
over protonated CNP surface and its cellular uptake ef-
ficiency, Tf:CNPs were incubated with human lung ade-
nocarcinoma epithelial cells (A549) and human em-
bryo lung fibroblast cells (WI-38).

Transferrin Adsorption and Cellular Uptake of Cerium Oxide
Nanoparticles. CNPs with a high positive ZP of +39.6 *
0.631 mV were used for protein adsorption and cellu-
lar uptake studies. Due to a strong electrostatic attrac-
tion, Tf was strongly bonded to CNPs (the higher the
surface charges of NPs, the higher the protein adsorp-
tion). The ZP obtained on CNPs after Tf coating was
+24.0 = 2.1 mV (ZP differences between bare CNPs and
Tf:.CNPs indicate the presence of Tf on CNPs). The protein
adsorption on CNPs was confirmed by conducting FTIR
(Supporting Information Figure S4) and XPS (Supporting
Information Figure S5) analyses on Tf:CNPs. The amount
of Tf adsorption on CNPs was quantified by conducting
UV absorbance spectroscopy measurements at 280 nm
wavelength (Supporting Information Figure S6) on Tf:CNP
solutions. CNPs exhibited a Tf adsorption of approxi-
mately 500 mg/g of CNPs.

Cellular uptake of NPs involves a two-step process.
The first step is the binding of NPs to the cell mem-
brane, and the second is cellular internalization.*® After
the adsorption of the NPs on the cell membrane, the
uptake occurs via several possible mechanisms: pinocy-
tosis, receptor-mediated endocytosis, or phagocyto-
sis.3" Since cancer cells have a higher growth rate, they
overexpress TfRs on their surface and will absorb iron at
a higher rate. Hence, NPs linked with Tf would be taken
up efficiently. To understand the mechanism of CNP up-
take in cancer and healthy cells, we have chosen A549
and WI-38 cells, respectively, as model cell systems. The
cells were incubated with varying concentrations (from
100 nM to 100 M) of Tf:CNPs and bare CNPs. Figure
4a,b shows the percent of CNP cellular uptake by A549
and WI-38 cells obtained from ICP-MS measurements
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Figure 4. Cellular uptake of CNPs. (a,b) Cellular uptake of the CNPs by A549 cancer cells and WI-38 healthy
cells at different concentrations of CNPs. (c) Cycle of TfR-mediated cellular uptake of Tf:CNPs. (d,e) TEM im-
ages of A549 cancer cells incubated with Tf:CNPs and WI-38 healthy cells incubated with bare CNPs. (a)
A549 cells treated with 100 nM, 10 M, and 100 M concentrations showed preferential cellular uptake
of Tf:CNPs, while (b) WI-38 cells treated with 100 nM, 1 nM, and 10 M concentrations exhibit an increased
uptake of bare CNPs. The bar chart is obtained by conducting ICP-MS analysis on 24 sets of A549 and
WI-38 cells. The data are expressed as mean = sd. (c) Holo-Tf-carrying CNP binds to TfR molecules ex-
pressed on the cell surface. After endocytosis via clathrin-coated pits formed on the plasma membrane,
the complex is taken up inside the plasma membrane by forming an endocytic vesicle. (d) Core—shell-like
particles seen in A549 cells indicate the presence of Tf:CNPs. (e) Solid spherical particles seen in WI-38 in-
dicate the presence of bare CNPs. Agglomerated CNPs of size ~500 nm are observed in both the cases. In-
set shows the magnified view of particles. White dotted circles show the position of the CNPs inside the
core—shell structure.

plex is then taken up inside
the cell and transferred to
the endosomal compart-
ment where it is acidified
(pH changes from ~7.4 to
~5.5). At a pH close to 5.4
(pl of Tf), Tf becomes neu-
trally charged and triggers
the release of CNPs and iron
as there is no more interac-
tion with Tf. Recent studies
have shown that Tf-
conjugated quantum dots
(Tf:Qdots), after internaliza-
tion through receptor-
mediated endocytosis, re-
mained in the endocytic
structures and were not effi-
ciently exocytosed.?? This
could be due to the strong
interaction of Tf with the
quantum dots. Similar to
Tf:Qdots, Tf:CNPs can also
get trapped inside the en-
docytic structures. To under-
stand the exocytosis mecha-
nism of Tf:CNPs, a detailed
investigation has to be car-
ried out. Due to their high
growth rate, cancer cells

(ICP-MS measurements were made after diluting the need more iron and thus will eventually internalize
NPs incubated cell samples to ppb level concentrations,  ore iron-carrying T:CNPs. The highest percent up-
and the % cellular uptake are reported with respectto  3ke (~66%, corresponds to ~11.3 pg/mL) of TRCNPs
the molar concentrations at which the cells were incu-  \yas seen in cells incubated with 100 1M concentration
bated). A549 cells incubated with 100 nM concentration  of cNPs (Figure 4a). A549 cells incubated with a concen-
of CNPs exhibited an enhanced uptake (~9.7 ng/mL) tration of 100 nM exhibited the highest difference in
of Tf:CNPs compared to bare CNPs (~5.2 ng/mL). How- uptake (~87% from ~5.2 to ~9.7 ng/mL) upon coat-
ever at 1 wM concentration, A549 cells exhibited a re- ing with Tf. Figure 4d shows the TEM images of A549
duced uptake (~51.8 ng/mL) of T.CNPs than that of cells incubated with a concentration of 100 nM of Tf:
bare CNPs (~61.1 ng/mL). Both 10 and 100 uM CNPin-  CNPs. The core—shell-like particles seen in TEM images
cubated cells showed a higher uptake (~0.9 and ~11.3  jndicate the presence of a thin layer of Tf coating on

pg/mL, respectively) of TR.CNPs and a lower uptake CNPs. Large core size (~500 nm) indicates the forma-
(~0.7 and ~6.8 ng/mL, respectively) of bare CNPs simi-  tjon of NP agglomerates during the uptake process. Al-
lar to cells incubated with 100 nM concentrations of though the percentage of uptake was lower compared
CNPs. Among all the concentrations, A549 cells incu- to TF:CNPs, A549 cells showed considerable uptake of

bated with concentrations of 100 nM, 10 M, and 100 bare CNPs (Figure 4a). In the case of bare CNPs, the ini-
M exhibited preferential uptake of TR.CNPs compared  tial binding process can be visualized as a strong attrac-
to bare CNPs (Figure 4a). An enhanced uptake of Tf: tion between the positively charged CNPs and the
CNPs by A549 cells indicates that the uptake in cancer  negatively charged cell, facilitating their adsorption on
cells is most likely by receptor-mediated endocytosis.>*  the cell membrane and subsequent internalization via a
Figure 4c shows the proposed model of TfR-mediated nonspecific phagocytosis or pinocytosis processes.®
endocytosis of CNPs by A549 cancer cells. The first step  The relatively lower uptake of bare CNPs by A549 cells
is the binding of Holo-Tf carrying CNPs to the TfRs on is also evident from the lack of particles seen in the TEM
the cell membrane (SMFS studies reported earlier have  images of cells incubated with a concentration of 100
shown an unbinding force of ~56 pN and an unbinding  nM bare CNPs (Supporting Information Figure S7a).
length of ~44 nm between Holo-Tf-coated tip and TfR- WI-38 cells incubated with three different concentra-
functionalized mica substrate at pH 7.4%). The com- tions of bare CNPs under similar conditions exhibited
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enhanced uptake compared to Tf:CNPs
(Figure 4b). Here the mechanism of up-
take is similar to that seen in the case of
bare CNPs in A549 cells. Figure 4e shows
TEM images of WI-38 cells incubated with
a concentration of 100 nM of bare CNPs.
The solid spherical particles seen in TEM
images indicate the presence of CNP ag-
glomerates. It is clear from the ICP-MS
data (Figure 4b) that the Tf:.CNPs had a re-
duced uptake in these cells. At 100 nM, 1
M, and 10 wM concentrations, WI-38
cells exhibited a lower uptake (~5.5 ng/
mL, ~94.4 ng/mL, and ~0.9 pg/mL, re-
spectively) of Ti:CNPs compared to bare
CNPs (~12.8 ng/mL, ~122.7 ng/mL, and
~1.2 pg/mL, respectively). However, 100
.M CNP-treated cells showed a higher up-
take (~7.2 pg/mL) of Tf:CNPs than that
of bare CNPs (~4.5 pwg/mL). The TEM im-
ages of WI-38 cells incubated with 100 nM
of Tf:CNPs also displayed less numbers of
particles inside the cells, and most of them
were trapped near the cell wall (Support-
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Figure 5. Schematic diagram of interaction forces acting at different stages of cellular up-
take. The triangle blocks show the interaction pathways of cellular uptake of CNPs. CNPs with
strong positive charge show better adsorption of Tf. The interaction between Tf and CNPs
can be tuned by protonation; however, the interaction of Tf with TfR is fixed. CNPs with a
strong positive charge lead to enhanced Tf adsorption and multiple interactions with the
TfRs on the cell surface. Red curved arrow inside the triangle blocks indicates the receptor-
mediated cellular internalization pathway of positively charged CNPs, and blue curved arrow
indicates the nonspecific cellular internalization pathway of both positively and negatively
charged CNPs. The red dashed circle represents the domain of multipoint interaction be-

ing Information Figure S7b). This indicates

that Tf:CNPs interact with the WI-38 cell membrane to
a lesser extent as compared to bare CNPs. Besides re-
ducing the CNPs effective surface potentials (from
+39.6 = 0.631 to +24 = 2.1 mV), Tf coating can also in-
duce steric hindrance between Tf and the negatively
charged domains present on the cell membrane 3%34
This could be the reason for the reduced cellular up-
take of Tf:CNPs. WI-38 cells incubated with 100 nM of
bare CNPs (Figure 4b) showed the highest percent of
uptake (~75%, corresponds to ~12.8 ng/mL), and the
uptake was reduced by ~57% (from ~12.8 to ~5.5 ng/
mL) upon coating with Tf; 100 wM treated WI-38 cells
exhibited reduced uptake of bare CNPs as compared Tf:
CNPs. At higher concentrations, CNPs have a tendency
to agglomerate,®® which could be the reason for the re-
duced uptake of bare CNPs seen at 100 wM concentra-
tion (in the case of Tf:CNPs, larger agglomeration may
not take place due to the steric hindrance between the
Tf-coated particles). The cellular uptake studies con-
ducted on both A549 and WI-38 cells of Tf:CNPs and
bare CNPs have shown that the interaction mechanism
of nanoparticles with cells can be tuned by changing
the NP surface conditions.

Tuning the surface charges of NPs (for enhanced
ligand coverage) is a key requirement to achieve effi-
cient cellular targeting and preferential drug delivery to
malignant sites in the body. The interaction forces act-
ing between NPs and biological systems (proteins and
cells) at different stages starting from ligand conjuga-
tion to cellular uptake plays a major role in the transpor-
tation and delivery of drugs. Figure 5 shows a sche-
matic diagram of interaction forces acting at various

www.acsnano.org

tween Tf:CNP and TfRs on the cell surface.

stages of the Tf:CNP cellular uptake process. The spe-
cific interaction between a Tf (on NP surface) and a TfR
(at cell surface) is fixed (unbinding force of ~56 pN and
unbinding length of ~44 nm) and cannot be tuned.
However, through protonation, the interaction be-
tween Tf and CNPs can be enhanced (unbinding force
of ~150 to 225 pN and unbinding length of ~25 to 50
nm for +36.4 = 0.7 mV ZP CNPs) to a greater extent.
Since Tf loading on a NP surface depends mainly on the
surface charge difference (electrostatic adhesion), it is
possible to add more numbers of Tf to a highly positive
CNP surface. A higher positive charge and more num-
bers of Tf on the CNP surface will lead to better cell ad-
hesion through a large number of ligand-receptor-
mediated interactions (tunable multipoint interaction
events, Figure 5). Hence, tuning the NP surface with
more protons can not only improve the adhesion of
ligands with the NP surface (main focus of our study)
but also enhance the adhesion of a ligand-conjugated
NP with the cell surface, thereby enhancing the
receptor-mediated cellular uptake. Similarly, the non-
specific interaction can also be tuned by tuning the
CNPs' surface potentials.

The experimental results presented here show that
the Tf not only can be effectively attached to the NP sur-
face but also can be used as a targeting ligand in
receptor-mediated internalization of metal oxide NPs.
Acidic buffer treatment of CNPs results in highly proto-
nated surface and forms stable coating of Tf over CNPs.
According to DFT simulation studies, the bonding be-
tween Tf and CNPs is mostly determined by the nature
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of hydrogen bond formation between the NP surface
protons and the carboxylate ions of the protein, and the
binding energy between Tf and CNP increases with
the number of surface protons present on the NPs.
ICP-MS and TEM analysis conducted on both healthy
and cancer cells incubated with CNPs shows that
Tf:CNPs can be preferentially internalized by cancer
cells. These results revealed the efficiency and physi-
ological stability of Tf:CNP in receptor-mediated cellu-

MATERIALS AND METHODS

Cerium Oxide Nanoparticles. CNPs were synthesized by precipita-
tion technique from cerium nitrate precursors.>® The particles
were treated with acidic or basic pH buffers to induce different
surface charges (see Supporting Information for more details).

Single Molecule AFM Experiments. Succinimide-functionalized
gold-coated silicon nitride cantilevers (purchased from Novas-
can Technologies) were treated with Tf solution to obtain Tf-
conjugated AFM probes. SMFM experiments were conducted
on CNP-coated silicon surfaces placed in a liquid cell filled with
deionized water. The forces of interaction between Tf and CNPs
were measured by lowering the tip close to the NP surface and
retracting it until the NP—protein bond broke (see Supporting
Information for more details).
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