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ABSTRACT: DNA-templated nanoparticle (NP) chains were examined as poten-
tial magnetic resonance imaging (MRI) contrast agents using in vitro environments
of the extracellular matrix and tissue. A 3-T clinical MRI scanner was utilized to
examine and compare image contrast enhanced by dispersed NPs, DNA-templated
NP chains, gold-superparamagnetic multicomponent NP chains, and polyelectro-
Iyte encapsulated, multicomponent NP chains in both T,-weighted and T,-
weighted images. In addition, the longitudinal and transverse relaxivity (r; and
r,) changes were measured both in the basement membrane, using Matrigel, and in
the tissue environment, using in vitro 3D cell culture scaffolds. Results suggest that

Dispersed Nanoparticle
Nanoparticles Chains

T,-weighted MRI Images

MRI contrast was significantly enhanced from NP chains compared to dispersed
NPs in the basement membrane and polyelectrolyte encapsulation for NP chains produced similar relaxivity to nonencapsulated NP

chains due to the enhanced cell uptake of encapsulated NP chains.
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B INTRODUCTION

Magnetic resonance imaging (MRI) agents improve image
contrast by selectively relaxing surrounding protons in tissues to
enhance MRI signals. Contrast agents aid to clearly visualize
distinct locations of injured or tumor sites. The safety of the agent
and the effectiveness to produce distinct image contrast between
normal and abnormal tissues are two factors to consider when
developing MRI contrast agents for in vivo systems.' Currently
used contrast agents that have been approved by the U.S.Food
and Drug Administration (FDA) are composed of the paramag-
netic element, gadolinium.2 These MRI contrast agents, how-
ever, produce low magnetic fields because of their proton
relaxation mechanism and have been exhibited to induce kidney
toxicity.” Therefore, there is a need to develop effective contrast
agents that are safer than gadolinium-based agents. In recent
years, superparamagnetic nanoparticles (NPs) have shown a
great promise to serve as contrast agents for MRI applications.4

Superparamagnetic NPs have exhibited to be less toxic and
have greater magnetization (10- to 1000-fold) than paramagnetic
materials. Compared to gadolinium chelates, the single-crystal
arrangement of superparamagnetic NPs produces a greater
magnetization and therefore, stronger local magnetic fields to
enhance surrounding proton relaxation.” ® Superparamagnetic
NPs influence protons through transverse relaxation because of
the accelerated dephasing of proton spins from the local inho-
mogenous magnetic fields, producing negative contrast in T,-
weighted MRI images.! Although they demonstrate great pro-
mise as a new generation contrast agent, their design properties,
such as surface type, size, and structure, affect their function
under in vivo conditions. Therefore, majority of research efforts
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are focused on modifying the (1) surface, (2) size, or (3)
structure of superparamagnetic NPs.

Positively charged surfaces on NPs bind to cells nonspecifi-
cally, whereas, negativelg charged surfaces of NPs rapidly inter-
nalize by the liver.”" In general, however, studies have
demonstrated that a neutral surface increases blood circulation
times."" In addition, surface coatings, such as dextran, poly-
(ethylene glycol), albumin, silica, and others have demonstrated
to be a biocompatible covering to stabilize the NPs. With regards
to size, NPs that are intravenously administered are in the size
order of 5—150 nm to avoid rapid renal clearance."”

The rate of nanostructure uptake in organs, blood circulation
time, renal clearance are all important factors to consider when
designing a nanostructures for in vivo MRI applications. A
typical, clinical MRI exhibits low sensitivity in the orders of
1x103tol x 10> mol/L and a temporal resolution in the
orders of minutes to hours."> To acquire a strong MRI signal,
contrast agents are required to exhibit long blood circulation
times (hours) to provide the scanner more time for quality signal
detection.'* Iron oxide NPs (5 nm) have demonstrated to have
short blood circulation times (in the order of seconds to
minutes.' Besides increasing the diameter of the NPs, another
approach to increase blood circulation time is to manipulate the
structure. Linear, one-dimensional (1D) structures, such as
carbon nanotubes'* '® and filaments,"” have exhibited pro-
longed half-blood lives and blood clearance compared to sphe-
rical-shaped nanostructures. Recently, a number of researchers
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Scheme 1. Schematic of the Different Types of Nanostruc-
tures (nanoparticles, single-component NP chains, multi-
component NP chains, and layer-by-layer encapsulated multi-
component NP chains) Used to Examine and Compare MRI
Contrast Enhancement in 3D Cell Culture Systems
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have been developing and characterizing 1D iron oxide NP
chains,®*® which may aid to enhance their utility as MRI
contrast agents.

Our lab has examined the proton relaxation properties for
DNA-templated NP chains. It was found that arranging NPs
along DNA produced greater relaxivity than dispersed NPs in
NMR experiments.””** A higher relaxivity represents the sensi-
tivity of the contrast agent. In other words, the relaxivity value
measures how well surrounding protons are able to relax in the
presence of low concentrations of the contrast agent. In addition,
we have examined the changes in relaxation properties for
multicomponent NP chains, or the joining of gold NP chains
to iron oxide NPs chains.*® It was observed that there were
segmental interactions among the multicomponent chains caus-
ing differences in proton relaxation times in NMR. These
experiments provided information regarding the material’s char-
acteristics on proton relaxation. These past studies, however,
lacked the biologically and clinically relevant information on the
potential MRI application for DNA-templated NP chains.

In this study, the contrast differences in the presence of DNA-
templated NP chains for the extracellular matrix and 3D cell
culture scaffolds are examined in a 3 T clinical MRI scanner. The
3T MRI scanner would provide clinically relevant data on the
potential effectiveness of DNA-templated NP chains as MRI
contrast agents. The use of basement membrane and 3D cell
culture scaffolds as phantoms aid to understand proton relaxation
effects in a biological environment. Using in vitro tools, such as
3D cell culture scaffolds, to study the effects under a biological
environment is an intermediate step between preliminary ma-
terial characterization in NMR and in vivo experiments regardin%
information on pharmacokinetics and toxicity in animals.*
Although the in vivo properties can influence the performance
of a drug, it is important to obtain preliminary information on the
effectiveness of the drug under in vitro conditions. Herein, MRI
contrast for the in vitro environment is examined and compared
(1) between dispersed NPs and NP chains to understand the
influence of structure, (2) between multicomponent NP chains
and mixed solution of dispersed magnetic and metallic NPs to
understand the influence of composition, and (3) between
nonencapsulated and polyelectrolyte-encapsulated NP chains
to understand the influence of surface coating (Scheme 1).
The in vitro MRI results collected are compared to results found
in NMR experiments to identify the changes in proton relaxation

in a biological environment and would provide preliminary
information on the potential performance of the contrast agent
before in vivo testing.

B EXPERIMENTAL METHODS

Materials. Gold NP conjugates (S nm) with poly-L-lysine were
purchased from Ted Pella, Inc. (Redding, CA). Iron oxide and cobalt
iron oxide NPs (S nm) coated with pyrrolidinone were synthesized and
characterized in our lab, following the procedure in Li et al.*' Un-
methylated lambda-DNA, MULTI-CORE bulffer, EcoRI, T4 DNA ligase
were purchased from Promega. Poly(styrene sulfonate) (PSS, MW
~70000) and poly(allylamine hydrochloride) (PAH, MW ~70000)
were purchased from Sigma-Aldrich. The peptide, KKKKKKRGD (MW
1116.4, purity >95%), was synthesized and purified by Biosynthesis Inc.
(Lewisville, TX).

Fabrication of Single- and Multicomponent DNA-Tem-
plated NP Chains. Prior to the fabrication of NP chains, gold NPs
were washed in water by centrifuging 10 min at 13 000 rpm. The washing
process was repeated three to five times. The NP washing process was
necessary due to the evidence of unwashed gold NPs inducing cellular
toxicity.*> NP chains were fabricated by the self-assembly of positively
charged nanoparticles with naturally negatively charged DNA. An equal
mass of nanoparticles (gold, iron oxide, or cobalt iron oxide) were added
an equal mass of DNA in a buffered solution and vortexed for 1 h at room
temperature, creating single component NP chains.*
image of DNA-templated nanostructures is provided in Figure S1 in the
Supporting Information. Characterization of formation has been pub-
lished in the literature.** Multicomponent NP chains were fabricated
using DNA specific enzymes. EcoRI (1 unit/1 ug DNA) was added to
the solution of single component NP chains. The restriction enzyme
reaction was performed at room temperature for 4 h and the reaction was
terminated at 65 °C for 30 min. To create 0.1:1:0.9 Au:DNA:Fe,O;
mass ratio for gold—iron oxide multicomponent NP chains, 87% volume
of restriction enzyme cut iron oxide NP chains were mixed with 13%
volume of restriction enzyme cut gold NP chains and T4 DNA ligase (1
unit/1 g DNA) was added to the mixed solution. The ligation reaction
was performed at room temperature for 30 min and terminated at 65 °C
for 15 min, forming multicomponent NP chains.**~*° Gold—cobalt iron
oxide multicomponent NP chains were fabricated similarly using
restriction enzyme cut cobalt iron oxide NP chains. Single- and multi-
component NP chains were filtered before diluting in cell medium.

Fabrication of Layer-by-Layer Encapsulation. Filtered multi-
component NP chains were encapsulated using the layer-by-layer
method in a washless process.>’ Washless process was chosen due to
the difficulty in washing DNA-NP constructs.>*>* The fabrication and
characterization of layer-by-layer encapsulation can be found in pre-
viously published literature.*”**** In short, PSS and PAH (1 mg/mL)
are alternatively layered on multicomponent NP chains. As the eighth
layer, RGD peptides were layered as the cell targeting molecule for
integrin surface receptors on HT-29 cells. Samples were then diluted in
cell medium. The stability of these nanostructures in serum-filled cell
medium was measured previously.*

Culturing HT-29 Cell Line. HT-29 cell line, human colon cancer
cells, were purchased from American Type Culture Collection and
cultured with McCoy’s SA medium (ATCC). Cells were maintained in
37 °C in an atmosphere of 5% CO2 and 95% relative humidity in T-25
cell culture flasks. Fresh medium supplemented with 10% fetal bovine
serum (ATCC) was changed twice a week and passed every week, as
cells were 50% confluent in 2 days.

Preparation of 3D Cell Cultures using Matrigel. Matrigel was
purchased from BD Biosciences. Nanostructure —Matrigel phantoms for
MRI scanning were made by mixing nanostructures with Matrigel and
cell medium and pipetted into 96 well plates at four different

** An example
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Figure 1. T-weighted and T,-weighted magnetic resonance images
comparing contrast between dispersed NPs and NP chains for gold, iron
oxide, cobalt iron oxide in Matrigel, and 3D cell scaffolds.

nanoparticle concentrations. After the nanostructure/Matrigel mixture
was incubated for 30 min in 37 °C, the Matrigel phantoms were ready to
be scanned in MRI Alternatively, 3D cell cultures were prepared
following the protocol from Lee et al.*® Confluent cells were washed
with sterilized PBS and detached from the flask using 0.25% Trypsin/
EDTA (ATCC). After spinning down in a centrifuge (125 g, 7 min),
cells were resuspended in fresh medium. To form the 3D embedded cell
cultures, cells mixed with Matrigel are added into a Matrigel coated 96-
well plate. The well plate was then incubated at 37 °C for 30 min and
fresh medium was then added to the wells. The 3D cell culture is
maintained for a week, changing the medium every two days. After
1 week, nanostructures were diluted in serum-filled medium and treated
to the three-dimensional cell cultures for 2 days. Four different
concentrations of nanostructures were treated to the cells. After 2 days
of treatment and prior to the MRI experiments, excess medium from the
wells was removed and washed three times with sterilized PBS. Samples
were incubated in sterilized PBS before MRI scanning.

MRI Experiments. Matrigel and 3D cell culture phantoms in 96-
well plates were scanned using a clinical 3 T Whole Body GE HDx Imager
(General Electric Healthcare, Waukesha, WI). A transmit/receive knee coil
array was used for data acquisition. To acquire T;-weighted images, the
inversion recovery (IR) pulse sequence was used with following parameters:
inversion time (TI) = 4000 ms, repetition time (TR) = 6000 ms, FOV =
12 cm, slice thickness =1.6 mm, 0 mm spacing, echo train length =2, and
acquisition matrix =128 X 128. For T time measurements, eight scans were
acquired with different inversion times (TT = 100—4000 ms) to collect a
series of data. To acquire T,-weighted images, fast spin echo (FSE-XL)
pulse sequence was used set at the following parameters: echo time (TE) =
301.0 ms, repetition time (TR) = 6000 ms, FOV = 12 cm, slice thickness =
1.6 mm, 0 mm spacing, echo train length =32, and acquisition matrix =128
x 128. For T, time measurements, eight scans with different echo times
(TE = 94—301.0 ms) to collect a series of data points. The T and T,
relaxation time was calculated by fitting on a pixel-by-pixel basis using the
two curves: M(TI) = My*(1—2exp(—TI/T;)) and M(TE) = My exp-
(—TE/T,), respectively. This calculation was performed in Matlab R10.0
(MathWorks, Massachusetts).

After calculating the longitudinal (R; = 1/T;) and transverse relaxa-
tion (R, = 1/T,), longitudinal and transverse relaxivity, r; and r,, were

Table 1. Transverse Relaxivity Measured for Single-Component
and Multicomponent NP chains in Matrigel and in 3D Cell
Culture Compared to Dispersed Nanoparticles (highlighted
values represent significant difference in relaxivity (n = 3,

p = 0.05) and value represents mean + standard deviation)

rpy (mM s
nanostructure dispersed NP chains
materials NPs on DNA
in Matrigel single component
Au 10.1 £5.8 10.0+6.0
Fe, 05 122+£03 78.6+35.0
CoFe,0,4 21.74+15.6 114.0 £34.0
multicomponent
Au—Fe,0, 9.7+6.0 1204+ 126
Au—CoFe,0,4 21.3£15 89.5£11.0
cells in Matrigel single component
Au S0+12 25+20
Fe,0, 46434 123 4+80
CoFe,0, 8.0+47 11.84+7.4
multicomponent
Au—Fe,05 72+4.0 88+32
Au—CoFe,0, 6.0£4.0 13.3 £ 64

measured by fitting the data in a linear relationship between relaxation
and NP concentration. Linear regression analysis to calculate the long-
itudinal and transverse relaxivity was performed in STATA 10.0
(StataCorp LP, College Station, TX). Significance tests among relaxivity
averages were performed using one-way analysis of variance in STATA
10.0 (StataCorp LP, College Station, TX). MRI scans was performed on
three separate Matrigel and 3D cell culture samples at the 95%
confidence interval.

B RESULTS AND DISCUSSION

MRI Contrast between NPs and NP Chains. In order to
understand the influence of NP structure on proton relaxation
and therefore contrast enhancement, MRI scans were collected
for Matrigel and 3D cell culture phantoms, comparing between
dispersed NPs and NP chains for gold, iron oxide, and cobalt iron
oxide compositions (Figure 1). In T,;-weighted images, no
significant changes in image contrast were observed between
gels without nanostructures and gels with NPs and NP chains.
Gold is a diamagnetic material and therefore, has a weak
magnetic interaction to influence the relaxation of surrounding
protons. The lack of proton relaxation enhancement in the
presence of gold material for both NPs and NP chains corre-
sponds to no difference in image contrast in T;-weighted and T,-
weighted MRI images. Superparamagnetic NPs and NP chains
influence the transverse proton relaxation times (T,) more than
the longitudinal proton relaxation times (T ), and therefore, did
not produce contrast differences in T;-weighted MRI images.

Table 1 lists the transverse (r,) relaxivity measured from the
MRI scans. The longitudinal (r;) relaxivity rates measured are
found in Table S1 in the Supporting Information. Relaxivity is
used to quantify the efficacy of MR contrast agents, in which the
value represents how well the relaxation rate increases with
contrast agent concentration. There was no significant difference
in the r; averages between NPs and NP chains in both Matrigel
and the 3D cell culture phantoms. In addition, the ratio, r,/ry,
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were high values greater than 1, indicating these nanostructures
exhibit low sensitivity as T-contrast agents and have a greater
utility as T,-contrast agents.

In T,-weighted images, however, changes in proton relaxation
and therefore, image contrast is observed between NPs and NP
chains. When iron oxide and cobalt iron oxide NP chains were
mixed in Matrigel phantom, T,-weighted images exhibited a
darker contrast compared to the Matrigel phantom mixed with
dispersed iron oxide and cobalt iron oxide NPs. In quantitative
terms, there was a significant difference in transverse relaxivity
averages between superparamagnetic NP chains (r,™" 9 =
78.6 +350mM ‘s ') and dispersed NPs (r,"™" % = 122 +
0.3 mM ' s™'). A high relaxivity produced a dark contrasted
image of the Matrigel phantom in T,-weighted MRI images.

Initially, NMR was used to measure changes in the proton
relaxation because the presence of the nanostructures in water.”’
The high sensitivity in NMR aided understanding of the mecha-
nism of proton relaxation. When superparamagnetic NPs are
arranged along the DNA strand, the clustering and assembly of
the NPs produced a collective magnetic behavior, increasing the
magnetization of the NP chain. The increased magnetization
directly corresponds to an increase in the local magnetic field
strength, influencing surrounding protons to transversely relax
faster compared to the local magnetic fields produced by dispersed
NPs. This observation was similarly found in nanoworms, a one-
dimensional (1D) structure with 5—10 nm iron oxide NP.** The
enhanced spin—spin relaxation of water protons was caused by the
increased magnetization and NP assembly. In the Matrigel phan-
tom, this same proton relaxation behavior was observed.

Longitudinal and transverse relaxation times depend on water
molecule dynamics and the physical and chemical environment,
and therefore, it is expected that the times measured in NMR
experiments performed in deuterated water would be different
from the times measured in Matrigel phantom MRI experi-
ments.”” Matrigel resembles the basement memebrane and is
made up of extracellular matrix materials. It is a meshwork of
collagen, elastin, fibronectin, laminin, and proteoglycans and is
commonly used for drug toxicology, angiogenesis, and tumor
invasion studies.* The basement membrane is mostly respon-
sible for the survival and differentiation of the epithelium cellular
layer. Therefore, the use of the Matrigel as a phantom in these
MRI studies aids to improve our understanding on the efficiency
of these nanostructures as MRI contrast agents in a tissue
environment. By mimicking the tissue environment, the function
and efficiency of MRI contrast agents can be assessed inexpen-
sively prior to examining in animal models.

The addition of cells in Matrigel produces 3D cell culture
scaffolds. When cancer cells are grown in Matrigel, multicellular
3D spheroids with characteristic 3D cell to cell junctions are
formed, resembling tumor tissue with regards to its cell shape.*®
The 3D cancer cell spheroids exhibit typical histological char-
acteristics of a tumor. By mimicking the in vivo tissue architecture
of cancer tumors, the efficiency of nanostructures as cancer
detection agents can be evaluated in a more realistic environment
than testing in 2D cell culture systems. In 2D culture systems,
cells lack the structural architecture and transport properties that
are observed in vivo.” Most cancer drug studies are performed
and tested in 3D cell culture scaffolds prior to using an animal
model. The microenvironment found in 3D cell culture scaffolds
is essential as it replicates cell to cell and cell to matrix
interactions.®® These interactions affect regulatory mechanisms
for cell growth and differentiation, as well as the penentration and

action of drugs, such as MRI contrast agents.él’62 In this study,
colon cancer cells were cultured in Matrigel to mimic the
architecture of colon cancer tumors.*®

In our previous study, we observed in transmission electron
microscope (TEM) images that both positively charged NPs and
NP chains were nonspecifically internalized in 2D colon cancer
cell culture (example shown in Figure S2 in the Supporting
Information).** There was no significant difference in the
amount of nanostructure uptake for both dispersed NPs and
NP chains. The cell uptake was not governed by the nanostruc-
ture shape. Since NP chains are flexible structures, they were
clustered similarly to NPs alone and internalized by vesicles in
the cytoplasm of the cells. When observing the MRI contrast in
T,-weighted images for 3D cell culture phantoms treated with
superparamagnetic nanostructures, there was no signiﬁcant
difference in relaxivity averages between NPs (r,"" “%° = 4.6
+34mM s ') and NP chains (r,"" % =123 £ 80 mM !
s '). This finding indicates that the efficiency for in vitro cell
uptake governs the MRI contrast signal for these nanostructures.
The clustering of nanostructures in the cell’s cytoplasm produced
similar proton relaxation behavior for both NPs and NP chains.
In general, the transverse relaxivity measured in the tumor-
mimicking 3D cell culture phantoms were lower than the
transverse relaxivity measure in the extracellular matrix Matrigel
phantoms. The difference in proton relaxation is attributed to the
differences in the microstructure of the tissues.”” When working
with in vivo models, however, cell uptake is not the only
parameter that determines the efficiency of contrast agents.
Parameters such as blood circulation, immune system activation,
biodistribution, and tumor targeting efliciency are issues that
need to be addressed and evaluated.

MRI Contrast Using Multicomponent NP Chains. In addi-
tion to understanding the structural influence (NPs vs NP
chains) on proton relaxation, the composition influence on
proton relaxation is also of interest. In a publication from Zabow
et al,** it was found that microstructures composed of a metallic
spacer sandwiched in between magnetic disks enhanced proton
behavior. The size of the magnetic disks, the length of the
metallic spacer, and the overall structure produced various
proton frequency shifts. This type of design is relevant for studies
in multispectral MR, in which different cell types would be
tagged with different nanostructure designs, producing corre-
sponding proton relaxation signals to a specific cell type. In
efforts to emulate this idea in NP chains, multicomponent NP
chains made with gold and magnetic (iron oxide or cobalt iron
oxide) NPs were easily fabricated using DNA-specific enzymes.

The two types of DNA-specific enzymes used to fabricate
multicomponent DNA-templated NP chains are restriction en-
zymes and DNA ligase. Type II Restriction enzymes recognize
specific base sequences on double-stranded DNA and are able to
cleave the DNA strand at the sequence. We previously demon-
strated that EcoRI, a type Il restriction enzyme, is able to cut NP-
coated DNA strands.**** Multicomponent DNA templated NP
chains are fabricated with DNA segments coated with gold NPs
are joined together with DNA segments coated with iron oxide
NPs. The joining, or the gluing, of DNA strands is achieved
through T4 DNA ligase. This enzyme is able to recognize
enzyme-cleaved DNA strands and joins them by making phos-
phodiester bonds. This technique of cutting and gluing DNA
strands with enzymes is commonly used in genetic recombinant
engineering and is adaptable to form gold—iron oxide and
gold—cobalt iron oxide NP chains.
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Figure 2. T,-weighted magnetic resonance images comparing contrast
between mixed gold and magnetic dispersed NPs and gold-magnetic NP
chains in Matrigel and 3D cell culture phantoms.

Previous NMR experiments indicated that the transverse
proton relaxation times for gold—iron oxide and gold—cobalt
iron oxide NP chains can be controlled by the amount of
magnetic NP chains available in solution.®” It was found that
the joining of the gold segments to superparamagnetic segments
created intersegmental interactions. These interactions influ-
enced the proton relaxation differently from the relaxation
observed with single-component NP chains. The MRI results
listed in Table 1 are comparable to the NMR findings. The
transverse relaxivity for single component NP chains (r,"" ®% =
78.6 £ 350 mM ' s7') were different than the transverse
relaxivity for multicomponent NP chains (r,** "% = 1204 +
126 mM ' s~ ") in Matrigel phantoms. The difference between
the relaxivity averages, however, was not statistically significant.
The discrepancy in the finding between NMR and MRI may be
caused by the addition of extracellular proteins and growth
factors in the Matrigel phantom. The nonspecific binding of
proteins to the nanostructures may have caused clustering and
agglomeration for both single- and multi- component NP chains,
producing statistically similar transverse proton relaxivity.

In T;-weighted MRI images (see Figure S3 in the Supporting
Information), no change in image contrast for Matrigel and 3D
cell culture phantoms was observed among the control (no
nanostructures), mixed solution of gold and magnetic NPs,
and multicomponent gold-magnetic NP chains. In T,-weighted
images (Figure 2); however, MRI contrast was observed between
multicomponent NP chains (r,** "> =97+ 6.0mM ‘s ")
and mixed solution of gold and magnetic NPs (r,* ¥ = 120.4 +
126 mM s !) in Matrigel phantoms (Table 1). The arrange-
ment of NPs on DNA strands, as well as possible nonspecific
agglomeration with extracellular proteins, may have produced
greater proton relaxivity for multicomponent NP chains than for
mixed, dispersed metallic and magnetic NP solution. This finding
was consistent with results observed in another type of multi-
component contrast agent containing iron oxide NPs around
gold nanorods.*® The metallic component of the nanostructure
did not hinder the proton relaxation because of the linear
arrangement of the superparamagnetic NPs.

In the T,-weighted MRI images of 3D cell culture phantoms,
no significant difference in contrast was observed between mixed
NPs and multicomponent NP chains. As discussed earlier, TEM
images indicated that cells internalized and agglomerated NPs

No LBL
Encapsulation Encapsulation

Matrigel
alone

3D Cell Culture
In Matrigel

T, —weighted Images

Matrigel
alone

3D Cell Culture
In Matrigel

T, —weighted Images

Figure 3. T,-weighted and T,-weighted magnetic resonance images
comparing contrast between unencapsulated and LBL-encapsulated
multicomponent NP chains in Matrigel and 3D cell culture phantoms.

and NP chains similarly into vesicles located in the cytoplasm.**
The agglomeration of nanostructures in the vesicles produced
comparable proton relaxations for NPs and NP chains.

MRI Contrast after Layer-by-Layer Encapsulation. To im-
prove specific cell uptake of nanostructures, surface encapsula-
tion is a simple solution. Recently, we studied the 8proton
relaxivity changes due to surface encapsulation in NMR.*® Using
the layer-by-layer method, negatively- and positively- charged
polyelectrolytes are alternatively layered on the surface of NP
chains. At the outermost layer, RGD-terminated poly-L-lysine
peptides were coated on the surface. RGD peptides are specific
ligands to human colon cancer cells as it binds to the integrin cell
surface receptors. The addition of targeting ligands on the surface
of the MRI contrast agent would aid to improve in cell uptake.
NMR results indicated that surface encapsulation of the NP
chains decreased transverse relaxivity compared to nonencapsu-
lated NP chains. Surrounding water protons did not experience
strong local magnetic fields from the encapsulated NP chains
because of the surface coverage of the polyelectrolytes. The
proton relaxation mechanism was discussed extensively and
nonencapsulated and LBL-encapsulated NP chains were ob-
served to validate the outer-sphere theory for proton relaxation.

A similar proton relaxation trend was observed in T,-weighted
MRI images of Matrigel phantoms (Figure 3). Table 2 displays
that the transverse relaxivity for LBL-encapsulated, multicompo-
nent NP chains (r,*" 7% =754 + 81 mM ' s~ ") was lower
than nonencapsulated, multicomponent NP chains (r,** 7 =
1204 £ 126 mM ' s~ '). Conversely, the longitudinal relaxivity
for both encapsulated and nonencapsulated NP chains were low
(see Table S2 in the Supporting Information) and displayed no
significant image contrast in T;-weighted MRI images.

Although encapsulated NP chains produced lower transverse
relaxivity than nonencapsulated NP chains in water and in
Matrigel phantoms, the transverse relaxivity in 3D cell culture
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Table 2. Transverse Relaxivity for Unencapsulated and LBL-eEncapsulated NP Chains in Matrigel and 3D Cell Culture Phantoms

multicomponent DNA-templated NP chains

in Matrigel Au—Fe,0;3
Au—CoFe,04

cells in Matrigel Au—Fe,03
Au—CoFe, 0,

ry (mM s
no encapsulation LBL encapsulation
1204 £ 12.6 754+8.1
89.5+11.0 55.5+16.6
8.8+32 11.81+4.8
13.3+64 68£13

phantoms was not statistically different between nonencapsu-
lated and encapsulated NP chains. For 3D cell culture phantoms,
MRI contrast is governed by the in vitro cell uptake of nanos-
tructures. It was observed that cell uptake for NP chains
significantly improved after encapsulating with polyelectrolytes
and targeting ligands, compared to unencapsulated NP chains.
Cells were able to internalize encapsulated NP chains 3—4 times
better than nonencapsulated NP chains.** It was found from
Zhang et al. that cell internalization was a function of targeting
ligand load on the nanostructure surface, rather than a function of
the nanostructure’s shape.®®

In the cell, surrounding protons experience strong local
magnetic fields from nonencapsulated NP chains, causing pro-
tons to relax with a transverse relaxivity of r, = 8.8 £ 32 mM '
s~ . Although the surrounding protons near encapsulated NP
chains experienced weaker local magnetic fields, the increased
number of the encapsulated NP chains compared to none-
ncapsulated NP chains in the cells produced greater number of
local magnetic fields, causing protons to relax (r, = 11.8 +
48 mM ' s') statistically equal to the proton relaxation
produced from nonencapsulated NP chains. Therefore, the
findings suggest that LBL encapsulation with targeting ligands
on NP chains is necessary for greater cell uptake and would
produce observable image contrast in T,-weighted MRI images.

B CONCLUSIONS

In conclusion, DNA-templated NP chains were examined as
potential MRI agents under in vitro conditions. This study
examined MRI contrast using biologically relevant environments,
resembling the basement membrane and cancer tumors. Despite
the presence of extracellular proteins and growth factors, the
proton relaxation behavior in the basement membrane was similar
to the behavior measured using NMR. It was found that cell uptake
was a major factor to produce T,-weighted image contrast
enhancement in cell culture phantoms. As this study was an
intermediate step between material characterization and in vivo
animal studies, the results collected are relevant to understand the
utility of DNA-templated NP chains as in vivo MRI agents.
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