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isease treatments, such as chemoth-
D erapy, currently lack specificity,"? thus

cytotoxicity is a common problem, as
the drugs administered attack both healthy
and diseased cells alike. It is hoped that nano-
particles (NPs) can be used to solve this pro-
blem by carrying and delivering drugs speci-
fically into diseased cells, thereby preventing
the attack of healthy cells and improving drug
efficacy.>” In addition, it is anticipated that NP-
mediated delivery of nucleic acids will enable
the long-awaited clinical use of gene therapy.?
Two of the biggest problems currently facing
NP-mediated drug delivery are the site-specific
targeting and subsequent cellular uptake of
NPs within the body (e.g., into cancerous cells
within a tumor).

One favorable method to improve NP
targeting is to distally control their move-
ment within the body through the applica-
tion of an external magnetic field (MF).
Magnetic NPs (mNPs) such as those com-
posed of iron oxide are ideal for use in this
targeting strategy since they display good
biocompatibility,”~® strong magnetism,'®
useful imaging properties (such as MRI),'"'?
and ease of functionalization and have been
extensively researched in vitro."* The effec-
tiveness of magnetic targeting of mNPs has
already been exemplified in vitro by its
widescale use as a research tool for gene
transfection, this popular technique being
coined “magnetofection”.'* '® In light of
the efficiency of magnetic NP targeting
already seen in vitro it is hoped that a MF
can be used in the same way in vivo to
successfully target magnetic NPs to the site
of disease within the human body.
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ABSTRACT Nanoparticles (NPs) are currently being developed as vehicles for in vivo drug
delivery. Two of the biggest barriers facing this therapy are the site-specific targeting and
consequent cellular uptake of drug-loaded NPs'. /n vitro studies in 2D cell cultures have shown that
an external magnetic field (MF) and functionalization with cell-penetrating peptides (CPPs) have the
capacity to overcome these barriers. This study aimed to investigate if the potential of these
techniques, which has been reported in 2D, can be successfully applied to cells growing in a 3D
environment. As such, this study provides a more realistic assessment of how these techniques might
perform in future clinical settings. The effect of a MF and/or penetratin attachment on the uptake of
100 and 200 nm fluorescent iron oxide magnetic NPs (mNPs) into a fibroblast-seeded 3D collagen gel
was quantified by inductively coupled plasma mass spectrometry. The most suitable mNP species
was further investigated by fluorescence microscopy, histology, confocal microscopy, and TEM.
Results show that gel mNP uptake occurred on average twice as fast in the presence of a MF and up
to three times faster with penetratin attachment. In addition, a MF increased the distance of mNP
travel through the gel, while penetratin increased mNP cell localization. This work is one of the first
to demonstrate that MFs and CPPs can be effectively translated for use in 3D systems and, if applied
together, will make excellent partners to achieve therapeutic drug delivery in vivo.

KEYWORDS: magnetic nanoparticles - cell-penetrating peptides - magnetic field - 3D
culture - collagen gel - cellular uptake

Once at the site of disease, NPs face the
second problem of cellular uptake, an essen-
tial feat required for delivery of their therapeu-
tic payload. NP functionalization with cell
penetrating peptides (CPPs) is a promising
solution to this hurdle.'® CPPs such as Tat
and penetratin are short, highly basic, peptide
sequences (<20 amino acids) known to pro-
mote cargo transport across the plasma
membrane.?®?' Their ability to promote cellu-
lar uptake of NPs was first reported in 1999,
when Josephson et al. demonstrated a 100-
fold increase in Tat-functionalized NP up-
take.?? Since then, increased cellular uptake
of NPs functionalized with CPPs has been
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repeated in numerous in vitro studies.”>~%” However,
despite such encouraging findings, CPPs are not re-
ceptor-dependent and, thus, not cell-specific.2273°
Therefore, to enable site-specific drug delivery, they
will need to be used in conjunction with a targeting
strategy, such as a MF.

This study has investigated the combined use of a
280 mT MF with a CPP (penetratin) in order to simulta-
neously improve both targeting and uptake of mNPs to
human fibroblasts. The novelty of this study lies in the
use of a 3D tissue-equivalent model where cells are
cultured within a type-1 collagen gel matrix.>'*? The
use of this 3D model provides a cell culture environ-
ment that is more comparable to in vivo tissue than are
traditional 2D monolayer cultures. This is important,
since research in 2D monolayer cell cultures may not
reliably predict later-stage clinical responses to ther-
apeutic NPs.>373° This is because in the latter scenario
cells are surrounded by and interact with the extra-
cellular matrix (ECM), which can produce phenotypic
differences, altering behavior to that observed in
monolayer cell culture®*” Therefore 2D testing of
NP delivery systems is ultimately of limited use, as NP
behavior may be very different once introduced into a
living system. In response to this problem, this 3D
study provides a more accurate prediction of how a
MF and penetratin could be used to deliver drug-
loaded mNPs to diseased cells inside the human body.

Results demonstrate that while a MF increases the
rate and depth of mNP uptake into the gel, penetratin
encourages cell-NP association and subsequent cel-
lular uptake. Thus a combination of both would be
recommended for therapeutic drug delivery in vivo.
This study represents an important stepping-stone in
the journey from traditional 2D research toward the
development of a NP-based drug delivery system for
clinical use.

RESULTS

NP Characterization. TEM allowed visualization of the
four mNP species (Figure 1). The sizes of the mNPs are
described as 100 and 200 nm by Chemicell. However,
in TEM both species appear much smaller, as only the
electron-dense core is visible. Since the aggregation
seen here could have been caused by the TEM proces-
sing, additional characterization was performed using
a Malvern Zetasizer (Suppoprting Information, Table 1).
Analysis of particle size by dynamic light scattering
confirmed that the 100 nm species are not aggregated,
but that the 200 nm species are slightly aggregated
into groups of 5—10 particles. In addition, an increase
in particle negativity as measured by zeta potential
confirmed the successful attachment of penetratin
(Suppoprting Information, Table 1).

Gel Characterization. Rheology and Atomic Force Mi-
croscopy (AFM). The Young's modulus (stiffness) of the
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Figure 1. TEM images of the four mNP species. Images
represent plain 100 nm mNPs (A), 100 nm with penetratin
(B), plain 200 nm mNPs (C), and 200 nm with penetratin (D).
Note that the polysaccharide matrix, the fluorescent dye,
and the penetratin peptide (16 amino acids) surrounding
the mNPs cannot be seen by TEM. Hence this figure shows
only the electron-dense iron core of each mNP [scale bar =
50 nm].

gel was found to be 2 + 1.7 kPa (mean + SD) as
measured by AFM, being comparable to the Young's
modulus of human fibroblast cells, which is reported as
2—60 kPa, as measured by AFM.>® Rheology is a method
of measuring a material's elasticity (termed elastic
modulus) through the application of force. In this case,
the elastic modulus of the gel was found to be between
1 and 10 kPa (Figure 2) as measured by rheology, being
comparable to the elastic modulus of human adipose
tissue as tested by rheology (3—6 kPa).*® The AFM and
rheology results presented here both demonstrate
that the gels have a consistency similar to human
tissue, highlighting the suitability of this cell culture
model for use in realistic 3D studies.

Microscopy Characterization. Gels were further
analyzed to determine cell distribution and viability
in the 3D construct (Figure 3). SEM images show cells
growing in a confluent, parallel sheet over the top
surface of the gel (Figure 3A) with collagen fibers
visible between the cells (Figure 3B). These fibers
appeared as a dense, random network with pores of
less than 5 um in diameter. The cellular extensions
appear to be interacting with the collagen, becoming
entwined in the fibrous network. Histology cross sec-
tions show cells distributed uniformly throughout the
gel (Figure 3C and D). The surface sheet of cells as was
noted in the SEM is again observable here, running
along the top edge of the section (indicated by black
arrows). The MSB stain shows that the collagen is
fibrous in appearance and homogeneous throughout
the gel (Figure 3D). The gel thus structurally presents as
a dense, tissue-equivalent model.

VOL.5 = NO.10 = 7910-7919 = 2011 A@ij )

N\

WWww.acsnhano.org

7911



10000

1000 4
I I % 3 ¥ —n— e I I
R = * I 1
w ]
g 100
w0
=
=
°
(=]
= 10
—— G = G"
0 5 10 15 20 25 30 35 40 45
Frequency [Hz]

Figure 2. Gel stiffness. Graph indicates the elastic modulus (G') and the viscous modulus (G”) of the gel as measured by
rheology. This figure shows that G’ lies between 1 and 10 kPa, a stiffness in line with human tissue.

Live/dead staining shows cells are viable both in the
center and at the edge of the gel after 96 h of culture
(Figure 3E and F, respectively). No dead cells were
observed. A higher density of cells is visible at the gel
periphery due to gel contraction condensing this area.
Cellular F-actin immunofluorescence shows a dense
concentration of cells growing in a parallel fashion on
the gel surface (Figure 3G), which is in agreement with
SEM and histological analysis. Cells at the edge of the
gel can be seen growing in line with the contour of the
gel (Figure 3H).

Uptake Analysis. Histology. An initial qualitative as-
sessment of mNP—gel interaction was obtained by
staining histology cross sections of the gel (1 cm length
x 0.5 cm width, cut to a thickness of 4 um) with Perls
Prussian blue to visualize the iron in the mNPs. All four
mNP species (100 nm plain/penetratin, 200 nm plain/
penetratin) were investigated, +=MF, for 18 h. No
differences were observed + MF, thus only +MF was
depicted in Figure 4. Results demonstrate that all four
mNP species can become associated with the gel,
being seen as dark blue/black clusters (Figure 4). Since
individual mNPs are not visible at this low magnifica-
tion, assessment of total uptake level is not possible.
However, this figure does clearly show that groups of
mNPs are abundantly present on the gel suface
(upward-pointing arrows). These surface particles
may be either particles interacting with cells on the
top layer of the gel or perhaps larger aggregates that
remain attached to the gel surface, being too large to
fit between the collagen fibers. In addition, clusters of
both 100 nm plain and 100 nm penetratin mNPs were
noted inside the gel (downward-pointing arrows)
(Figure 4), demonstrating that gel penetration has
occurred. After this initial proof of gel-mNP associa-
tion, more quantitative techniques were employed to
assess the effect of a MF and penetratin on gel—mNP
uptake.

CHILD ET AL.

Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). The amount of gel—-mNP uptake was quan-
tified by ICP-MS analysis of iron after each of the four
mNP species (100 nm plain/penetratin, 200 nm plain/
penetratin) had been incubated with the gel, & a MF,
for either 1 or 18 h (Figure 5). The term “uptake” is used
to describe any mNP association with the gel that was
not removed by washing (penetratin NPs, being posi-
tively charged, naturally repel positively charged col-
lagen; thus no cross association was assumed). After 1 h,
uptake of 100 nm mNPs was dramatically increased
on average 103% by a MF (p < 0.01) and 162% by
penetratin (p < 0.001), and similarly uptake of 200 nm
mNPs was increased on average 103% by a MF
(no significance) and 243% by penetratin (p < 0.01).
Interestingly, at 18 h, uptake levels were comparable,
irrespective of a MF or penetratin (with the exception
of 200 nm penetratin without MF). Combining both a
MF and penetratin simultaneously had a slightly
attenuating effect on uptake of 100 nm mNPs after
1 h. After 18 h, no significant attenuating effect was
seen for either size.

It is apparent from these results that the application
of a MF and the presence of penetratin both increase
the speed of gel—mNP uptake, with penetratin being
the fastest. It is interesting to compare the effect of a
MF between plain and penetratin mNPs. To do this,
we take plain mNPs without a MF as the base rate of
standard, “unaided” mNP—gel uptake. The data show
that a MF is required to increase plain mNP uptake,
whereas when penetratin is attached, this requirement
no longer exists: penetratin mNPs are able to reach the
maximal level of uptake after 1 h without a MF. There is
little to no difference between the uptake levels in-
duced by a MF and by penetratin. A MF has no
additional effect on the level of penetratin mNP—gel
uptake. Since results were similar for both sizes of
mNPs, and a smaller size is deemed optimal for dense
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Figure 3. Microscopy gel characterization. SEM images of
gel surface structure (A and B, scale bars 5 um). The SEM
images indicate cells growing over the gel surface (A, 1000 x
magnification) with a magnified area between the cells
showing the collagen fiber network in the gel, typically with
pores less than 5 um (B, 3000 x magnification). Gel histology
cross sections (C and D, scale bar 50 um) demonstrate
uniform cell and collagen distribution throughout the gel.
H&E depicts cells as red (C), MSB depicts collagen as blue
(D). Viability staining (E and F, scale bar 100 #m) shows
viable cells at both the gel center (E) and the gel edge (F)
(corresponding dead cell image is available in the Sup-
porting Information, Figure 2). Cellular F-actin immuno-
fluorescence (G and H, scale bar 50 #m) indicates cells at the
gel center growing in a parallel direction (G, white arrow
denotes cell orientation) and cells at the gel edge growing
in line with the contour of the gel (H, white arrow denotes
cell orientation). This figure demonstrates that the gel is a
good tissue-equivalent model.

tissue penetration, only the 100 nm mNPs were used in
all further investigations.

Fluorescence Microscopy. In order to visualize the
interaction of 100 nm mNPs with the surface layer of
the gel, gels were imaged on a fluorescence microscope
after 18 h of incubation with plain or penetratin 100 nm
mNPs, + a MF. Results indicate that a high number of both
plain and penetratin mNPs became associated with the
surface of the gel in all conditions (Figure 6). From these
images it is suggested that without a MF there are more
penetratin mNPs on the surface of the gel (Figure 6E) than
there are plain mNPs (Figure 6C). This observation was
confirmed by analysis in Image J. This reflects the ability of
penetratin to enable the mNPs to become cell-associated
on the surface of the gel. While this technique was useful
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to visualse mNP interaction on the gel surface, the depth
of gel uptake of 100 nm penetratin mNPs was assessed
using confocal microscopy.

Confocal Microscopy. To assess the depth of 100 nm
penetratin MNP uptake, gels (with a total depth of 3 mm)
were imaged on a confocal microscope, + a MF, after 1
and 22 h incubation. This allowed visualization of the
fluorescent mNPs within the gel through the z-axis and
consequent measurement of the depth to which they had
penetrated =+ a MF (Figure 7). The Z-stacks showed that 1
hincubation £ MF and also 22 h incubation — MF resulted
in a shallow penetration depth with no significant differ-
ence between groups. Thus, 100 nm penetratin mNPs
were able to penetrate the gel only to a very minimal
depth, which was not increased with longer incubation.
However, when a MF was applied, after a 22 h incubation
mNP uptake distance was increased on average by 503%
(p < 0.01), to a depth of 728 um, at a rate of 33 um h='.
(Plain 100 nm mNPs exhibited a similar trend, but on a less
obvious scale; results not shown here.) This experiment
demonstrates that penetratin alone does not facilitate
mNP movement in 3D, but if aided by a MF and incubated
for enough time, functionalized mNPs can be pulled to a
considerable depth within the gel. These results are in
agreement with the findings of fluorescence microscopy
(Figure 6), which indicate that there is a higher density of
penetratin mNPs evident on the gel surface without a MF
(Figure 6E) as compared to with a MF (Figure 6F).

Transmission Electron Microscopy (TEM). Confocal re-
sults demonstrate that a MF was able to pull mNPs into
the gel. However it is important to identify if these
functionalized mNPs were being taken up by cells at this
depth, a requirement for in vivo drug delivery; thus TEM
was used to image gels after incubation with 100 nm
penetratin mNPs for 18 h, &= a MF (Figure 8). These mNPs
were seen within cells at a gel depth of around 500 u«m,
when treated with a MF (Figure 8A and B). (Plain mNPs
were not evident in cells at this depth, thus are not
represented.) In contrast, no mNPs were seen at this
depth in gels that had not been treated with a MF (for
comparison please see Supporting Information, Figure 3,
which shows 100 nm penetratin mNPs inside cells grown
in 2D monolayer cell culture). This experiment supports
the confocal results, demonstrating that a MF is able to
pull functionalized mNPs through the gel structure, where
they can be taken up by cells growing within it. This
cellular uptake is most likely aided by penetratin attach-
ment, since the mNPs observed were not located in
cellular vesicles (Figure 8A and B), resulting from the fact
that CPPs are reported to facilitate direct translocation
across the plasma membrane, thereby avoiding the en-
dolysosomal pathway.*°

SUMMARY AND DISCUSSION

This study has used fibroblast-seeded collagen gels
to investigate whether a MF and NP functionalization
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Figure 4. Histology sections of gels stained to visualize iron mNPs. Figure shows gels after incubation with mNPs in a
magnetic field (MF) for 18 h, stained with Perls Prussian blue (iron stain). Images refer to 100 nm mNPs (A—C), 200 nm mNPs
(D, E), and control sample (F, no mNPs). Plain mNPs are shown in A and D, while penetratin-functionalized mNPs are shown in B
and E. Part C refers to penetratin-functionalized 100 nm mNPs at a higher magnification. This figure demonstrates that mNPs
became associated with the gel surface (upward-pointing arrows) and were also seen within the gel itself (downward-

pointing arrows) [scale bars 50 um].
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Figure 5. Iron uptake into gels as assessed by ICP-MS. 100 nm mNPs are represented on the left-hand side of this graph by red
(1 h) and yellow (18 h) bars. 200 nm mNPs are represented on the right-hand side of this graph by orange (1 h) and blue (18 h)
bars. The x-axis refers to samples treated without or with a magnetic field (indicated by — or -+, respectively), and the
staggered x-axis labels refer to plain or penetratin-functionalized mNPs. This figure shows that a MF and penetratin both
increased the speed of gel—-mNP uptake (* = p < 0.05, ** = p < 0.01, and *** = p < 0.001, n = 3).

with penetratin can be used to enhance the delivery of
mNPs to cells grown in 3D in order to assess the
potential of these techniques for in vivo drug delivery.
To date, several different 3D models have been used to
test NP delivery, including acellular gels,*'*? multi-
cellular spheroids,** and multilayer cell cultures.**
The main shortcomings of such 3D models include
an inability to accurately predict cell responses to
NPs (acellular gels) and the lack of outside forces such
as mechanical stress.*> Here, results show that cells
are evenly distributed throughout the collagen gel
(Figure 3C and D), remaining viable at both the gel
center and edge (Figure 3E and F), and furthermore,
align in a striated fashion (Figure 3A and G), indicative

CHILD ET AL.

of the inherent cell-mediated gel tensile forces.*® The
characterization results (Figures 2 and 3) suggest that
this collagen gel is a realistic tissue-equivalent 3D
model suitable for the assessment of NP delivery,
overcoming some of the disadvantages associated
with previous models.

Gel—mNP uptake analysis showed that on average a
MF doubled the speed of gel—mNP uptake (Figure 5) and
caused a 5-fold increase in the depth of gel—mNP uptake,
occurring at a rate of 33 um h™! (Figure 7). Penetratin,
however, more than doubled the speed of 100 nm gel
uptake, more than tripled the speed of 200 nm mNP gel
uptake (Figure 5), increased the localization of mNPs to
cells on the gel surface (Figure 6), but had no effect on the
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Figure 6. Gel surface localization of 100 nm mNPs after 18 h incubation. Control gels have no mNPs present (A, B). Plain mNPs
(C, D) and penetratin mNPs (E, F) are both clearly evident. A, C, and E were incubated without a magnetic field (—MF), whereas
B, D, and F were incubated with a magnetic field (+MF). Fluorescent signal was quantified via Image J and expressed

graphically (G) [scale bar = 50 um].
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Figure 7. Gel uptake depth of 100 nm penetratin mNPs. On
the x-axis, samples treated without or with a MF are
indicated by — or +, respectively. Red or yellow bars refer to
1 or 22 h of incubation, respectively. The figure indicates
that after 22 h a magnetic field has significantly increased
the depth of gel uptake of 100 nm penetratin mNPs

(* p <0.05, ** p <0.01,n =3).
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Figure 8. Cellular uptake of 100 nm penetratin mNPs in 3D.
(A and B) mNPs (indicated by white arrows) that have been
taken up into a cell within a collagen gel in the presence of a
magnetic field (MF) at a depth of around 500 um into the
gel. (B) Magnified section of A. (C) Control gel (no mNPs).
This figure demonstrates that the combination of a CPP with
a MF can facilitate the delivery of mNPs to cells growing in
3D [scale bars = 200 nm]. (A comparison of mNP uptake in
2D monolayer culture is available in the Supporting Infor-
mation, Figure 3.)

depth of gel-mNP uptake (Figure 7). The trends ob-
served with the ICP-MS data were the same for both 100
and 200 nm mNPs (Figure 5). The only notable difference
was that penetratin (—MF) resulted in a greater increase
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TABLE 1. Chemical Description of mNPs after Functionalization with Penetratin®

mNPs (mg)  mNPs (nmol)  ~molar ratio [mNP:sulfoSMCC]  penetratin added (nmol)  ~molar ratio [mNP:added penetratin]
nano-screenMAG/G-PEA (100 nm) 10 30x10° [1:38 x 10°] 29 [1:1 x 10°]
nano-screenMAG/G-PEA (200 nm) 10 37x 1073 [1:310 x 10°] 29 [1:7.8 x 10°]

“The concentration of mNPs in each 1 mL sample is displayed in both mg and nmol. The molar ratio of mNPs to sulfo-SMCC used for amine activation is shown.
The concentration of penetratin in each 1 mL sample and the molar ratio of mNPs to penetratin are also shown.

in the gel uptake of 200 nm mNPs compared with the
100 nm mNPs. This difference could be an artifact, as the
200 nm mNPs have a larger hydrodynamic diameter and
they may contain more iron, meaning that even though
the level of iron uptake was different, the number of
particles taken up may actually be the same. It is likely
that the difference in penetratin-induced uptake was
caused by the 200 nm mNPs carrying more penetratin
molecules per particle than the 100 nm mNPs (Table 1),
resulting in increased cell uptake. As smaller NPs were
considered to be better drug delivery candidates (due to
cell accessability in the tight collagen matrix and their
larger surface area to volume ratio), the 100 nm mNPs
were used in all further investigations.

It is useful to clarify that “increased speed of
uptake” refers to the fact that the level of gel—-mNP
uptake that occurred under the influence of a
MF/penetratin was higher than that of the control mNPs
(no MF/penetratin) after 1 h, but became equal to
that of the control mNPs after 18 h (Figure 5). We
know that the sample did not run out, thereby
preventing any further uptake, because the level
of uptake reached after 18 h always remained lower
than the total level of sample that the gels were
challenged with (Supporting Information, Figure 1).
Therefore it seems more likely that, for some reason,
the gels have a maximum threshold level of gel—
mNP uptake, which was reached much faster than
normal under the influence of a MF/penetratin,
but once reached, it could not be increased any
further. This threshold could in part be due to
cellular saturation with mNPs, since similar results
have been previously described in 2D studies of
magnetofection.'”"'8

Effect of the Magnetic Field. MFs are commonly used
to pull mNPs into cells grown in 2D. The confocal
data demonstrated that MFs are also able to pull
mNPs into 3D systems: pulling 100 nm penetratin
mNPs to an average depth of 728 um, at a rate of 33
um h™' (Figure 7). Similar 3D studies by Kuhn et al.
have reported that, under the influence of a static
MF (100—500 mT), 145 nm mNPs traveled through a
hydrogel at 1.5 mm h~'*” and traveled through a
collagen-supplemented gel at 90 um h™' when
functionalized with the enzyme collagenase.*® Col-
lagen is one of the main components of the ECM,*°
and these comparative studies demonstrate that
the presence of this protein significantly increases
resistance to mNP movement. This highlights the
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importance of testing NP delivery in a 3D model that
realistically represents the barrier to NP delivery
posed by the ECM. Our results demonstrate that a
MF causes on average a 5-fold increase in the depth
of gel—mNP uptake, and the literature suggests that
mNP functionalization with a proteolytic enzyme
such as collagenase could increase this depth even
further.

Effect of the CPP. It is well reported that CPPs
increase cellular uptake of associated NPs in 2D cell
systems. In this 3D model system, a cell layer was
observed on the gel surface (Figure 3A), most likely
due to the initial gel contraction, causing a concen-
tration of cells at the periphery. Penetratin-induced
gel—mNP uptake is thus most likely caused by the
increased uptake of mNPs into this surface layer of
cells. The confocal data confirmed that penetratin
mNPs did not move deeply into the gel and away
from this surface layer without a MF (Figure 7). This
lack of movement is in fact the main problem when
trying to target functionalized NPs to a diseased
tissue in vivo. Therefore it is imperative that CPPs
be used in conjunction with a targeting technique,
such as a MF, to enable mNPs to reach and subse-
quently enter target cells, in order to facilitate drug
delivery. We demonstrated this combined approach
via TEM, which showed that following magnetically
induced movement through the gel, the 100 nm
penetratin mNPs were able to achieve cellular up-
take at this increased depth within the gel (Figure 8).
Due to the fact that these mNPs were seen free in the
cytoplasm, it is likely that they translocated directly
across the plasma membrane, facilitated by the
attached CPP, thus supporting the hypothesis that
CPPs can be used to prevent degradation by the
endolysosomal pathway.*® This work has demon-
strated that if used together, a MF and CPPs show
huge potential to facilitate targeted drug delivery
in vivo.

CONCLUSION

This study has been one of the first to investigate
the combined effects of a MF and CPPs on the
delivery of mNPs to cells growing in a 3D environ-
ment. This proof-of-concept study has shown that a
MF is able to significantly enhance movement of
mNPs through a 3D system, while CPPs are able to
enhance the cellular uptake. More importantly, it has
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also demonstrated that these techniques can be
used in conjunction to magnetically target mNPs
functionalized with penetratin deeper into a 3D
system. On the basis of these results we predict that

EXPERIMENTAL SECTION

NP Functionalization. Iron oxide magnetic green-fluorescence
nanoparticles (100 and 200 nm, nano-screenMAG/G-PEA) were
bought from Chemicell GmbH (article no.4417). The amine groups
of each mNP sample were activated with sulfosuccinimidyl
4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC) for
further functionalization with the peptide penetratin. The
amount of penetratin added aimed to derivatize 1000 of
the activated amino groups on the 700 nm mNPs and 7800 on
the 200 nm mNPs. This difference was to allow for the
difference in surface area between the two sizes of mNPs.
Therefore, supposing that the sulfo-SMCC activation and the
peptide coupling worked 100%, the mNP to penetratin molar
ratio is 1:1000 for the 100 nm size and 1:7800 for the 200 nm
size. Both sizes were prepared to a final concentration of
1 mg/mL of mNPs in H,0.

Reaction Details. To functionalize the 100 nm mNPs, 335 uL
from a 30 mg/mL stock solution of 100 nm mNPs was added to
165 ulL of freshly prepared ice-cold buffer. To functionalize the
200 nm mNPs, 290 uL from a 35 mg/mL stock solution of 200 nm
mNPs was added to 210 uL of freshly prepared ice-cold buffer.
Buffer used (100 mM 2-(N-morpholino)ethanesulfonic acid,
150 mM NaCl, pH 7.2) contained 500 ug of sulfo-SMCC (article
no. 22322 from Pierce). The two reaction mixtures were incu-
bated for 30 min at room temperature, and then 15 uL from a 5
mg/mL solution of activated penetratin 1 (cat. no. PENA0500
from MP Biomedicals) was added to each. The reaction mixtures
were incubated overnight at 4 °C. The functionalized nanopar-
ticles were washed by magnetic precipitation with the pre-
viously used buffer to remove excess sulfo-SMCC and peptide.
Their final volume was adjusted to 1 mL (see Table 1).

NP Characterization. A 2 uL aliquot of each NP solution (0.1
mg/mL in Milli-Q H,0) was dried onto a carbon-coated grid and
viewed under a Leo 912 AB TEM at 120 kV, at 40000x
magnification. Further characterization with regard to sizing
via dynaminc light scattering and zeta potential is detailed in
the Supporting Information, Table 1.

Gel Synthesis. Infinity telomerase-immortalized primary hu-
man fibroblasts (h-TERT-BJ1, Clontech Laboratories, Inc.) were
grown in T75 flasks in complete medium and passaged by
trypsinization when confluent. Cells were cultured at 37 °C with
5% CO,. The medium used was 71% Dulbecco's modified
Eagle's medium (DMEM) (Sigma), 17.5% Medium 199 (Sigma),
10% fetal bovine serum (FBS) (Lonza), 0.5% 100 mM sodium
pyruvate (Life Technologies, UK), and 1% penicillin—streptomy-
cin. Gels were made in batches of six by mixing (onice) 0.5 mL of
FBS, 0.5 mL of 10x DMEM, 1 x 10° h-TERT cells suspended in
0.5 mL of complete medium, 2.5 mL of Type 1 collagen (First
Link UK Ltd.), and 3.5 mL of 0.1 M NaOH (Sigma). The gel mixture
was vortexed, pipetted into a 24-well plate (1 mL per well), and
incubated at 37 °C overnight to solidify. A needle was run
around the edge of each solid gel to detach it from the plastic.
Fresh complete media was added and changed weekly. Follow-
ing diameter measurements, gels were used in experiments
four days after detachment to allow full gel contraction.

Gel Characterization. Rheology. To verify the mechanical prop-
erties of the gels, dynamic frequency sweep experiments were
carried out on a strain-controlled rheometer (CSLsoo Carri-Med
rheometer) using a parallel-plate geometry (20 mm diameter).
The experiments were performed at 25 °C, and this temperature
was controlled throughout the experiment using an integrated
electrical heater. Extra precautions were taken to minimize
solvent evaporation and to keep the sample hydrated by using
a solvent trap and by saturating the internal atmosphere with
H,O. To ensure the measurements were made in the linear
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the best strategy for site-specific drug delivery in vivo
will be to use these techniques together, thereby
providing both targeting and cellular uptake of drug-
loaded mNPs.

viscoelastic region, an amplitude sweep was performed, and
the results showed no variation in elastic modulus (G') and
viscous modulus (G”) up to a strain of 0.01%. The dynamic
modulus of the gel was measured as a frequency function
where the frequency sweeps were carried out between 1 and
40 Hz. Measurements were repeated at least three times to
ensure reproducibility. Gels were not fixed before use.

Atomic Force Microscopy. AFM analysis was carried out with
a NanoWizard Il Bio AFM (JPK Instruments, Berlin) mounted on a
Zeiss Observer A1 inverted optical microscope. The complete
setup was acoustically isolated in order to reduce the inter-
ference of ambient noise during the measurements. The probes
used for the indentations were prepared in-house by attaching
a 4.8 um silica microsphere (Microparticles Gmbh, Berlin) to a
tipless silicon nitride cantilever (Arrow-TL1, NanoWorld) using a
UV curable glue (Loctite 349). Before any measurements were
recorded the spring constant of the modified cantilever was
determined using the thermal calibration method according to
the JPK user manual. The value was 0.121 N/m. Force—indenta-
tion curves were carried out at 10 um/s with a 10 um Z-ramp
until a maximum force of 5 nN was reached. Three positions
spread evenly across the surface of the gel were selected for
indentation measurements. Gels were not fixed before use.

Scanning Electron Microscopy (SEM). Gels were fixed in 1.5%
gluteraldehyde in 0.1 M sodium cacodylate (Agar UK) at 4 °C for
1.5 h, then postfixed in 1% osmium tetroxide for 1 h (Agar UK).
Samples were subsequently stained with 0.5% uranyl acetate
and dehydrated through a series of alcohol increments (30%,
50%, 70%, 90%, 100%, 100% (dry)) and hexamethyl-disilazane
(Sigma). After dehydration, gels were then air-dried and viewed
on a Jeol 6400 SEM at an accelerating voltage of 6 kV, at 1000
or 3000x magnification.

Histology. Gels were fixed in 4% formaldehyde/phosphate-
buffered saline (PBS) with 1% sucrose at 37 °C for 15 min,
submerged in 1 mL of permeabilization buffer at 4 °C for 15 min,
and embedded in paraffin wax. Sections of 4 um thickness were
cut from the gel center onto polysine-coated slides (CellPath,
UK) and baked at 60 °C overnight. Sections were then dewaxed
in xylene for 5 min and rehydrated through graded alcohols
(100%, 70%) before rinsing with H,O for 5 min. After rinsing,
sections were stained with hematoxylin and eosin (H&E) to
display general structures present or Martius scarlet blue (MSB)
to display fibrin/connective tissue. After staining, sections were
dehydrated through graded alcohols (70%, 100%), placed in
xylene for 1 min, and mounted and imaged on a Zeiss Axiovert
25 light microscope at 10x magnification.

Cell Viability. Cell viability was assessed after 96 h using a live/
dead staining kit (Invitrogen, UK). Gels were incubated at 37 °C for
1 hin 600 uL of calcein AM and ethidium homodimer (1 uL/ml in
DMEM). Images were taken on a Leica Leitz DMRB fluorescence
microscope at 10x magnification.

Cell Cytoskeleton F-Actin Immunofluorescence. Gels were
fixed as per Section 5.4.4 and then incubated with rhodamine
phalloidin (1:50 in PBS/BSA) at 37 °C for 1 h. Gels were rinsed twice
with PBS between each step. Images were taken on a Leica Leitz
DMRB fluorescence microscope at 20x magnification.

Uptake Analysis. For all uptake experiments, gels were trans-
ferred to a 96-well plate and incubated with 75 uL of the mNP
solution (0.1 mg/mL in DMEM). Control gels were incubated
with 75 uL of DMEM. A static MF was applied by sitting the 96-
well plates on top of a MagnetoFACTOR-96 device (Chemicell),
which delivered a magnetic force of 280 mT to each well.
Gel—mNP incubation was performed in this manner at 37 °C
for the time periods indicated in each experiment.

Histology. Gel—mNP incubation was performed with all four
mNP species (100 nm plain/penetratin, 200 nm plain/penetratin)
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+ a MF, for 18 h. Gels were then washed twice in PBS and
processed as in Section 5.4.4. Sections were stained with Perls
Prussian blue to visualize the mNPs (stains iron) and imaged on a
Zeiss Axiovert 25 light microscope at 10x and 40x magnification.

Inductively Coupled Plasma Mass Spectrometry. To quantify
mNP uptake into the gels, iron levels in the media were
measured by ICP-MS. Gel—mNP incubation was performed with
all four mNP species (100 nm plain/penetratin, 200 nm plain/
penetratin), £ a MF, for either 1 or 18 h. In an identical manner,
each mNP sample was also incubated without a gel for compar-
ison. After incubation, the media from each gel was removed
and its remaining iron level was measured by ICP-MS (THERMO
X Series ) (Supporting Information, Figure 1). This data were
normalized and converted to show the amount of iron that had
been taken up into the gel using the following relationship: iron
uptake = (iron level after incubation without gel) — (iron level
after incubation with gel). The converted values for iron uptake
were averaged (n = 3) and used for statistical analysis and
graphical representation (Figure 5).

Fluorescence Microscopy. To assess the surface localization
of 100 nm mNPs, gels were incubated with 100 nm plain/
penetratin mNPs, & a MF, for 18 h. Gels were then washed
twice in PBS. Images of the gels' top surfaces were taken on a
Zeiss Axiophot fluorescence microscope at 10x magnification.

Confocal Microscopy. To assess the depth of 100 nm pene-
tratin mNP uptake, gels were incubated with 100 nm penetratin
mNPs, + a MF, for 1 or 22 h. After incubation, gels were washed
twice in PBS and fixed in 4% formaldehyde/PBS with 1% sucrose
for 25 min. A Zeiss LSM 510 META confocal microscope (at 10x
magnification) was then used to produce a z-stack of each gel
composed of sequential images taken 1 um apart. Each com-
pressed z-stack was analyzed from the first image downward
through the gel, and the depth of mNP penetration was
recorded. These distances were then averaged (n = 3) and used
for statistical analysis and graphical representation (Figure 7).

Transmission Electron Microscopy. To visualize the cellular
interaction of 100 nm penetratin mNPs, gels were incubated with
100 nm penetratin mNPs, + a MF, for 18 h. Gels were cut into
quarters and fixed as per Section 5.4.3. Samples were postfixed in
1% osmium tetroxide in phosphate buffer for 1 h followed by 0.5%
uranyl acetate for 1 h and then taken through alcohol dehydration
increments and left in propylene oxide Epon 812 resin mix (1:1)
overnight. Gels were put into pure resin and keep in an oven for 24
h to cure. Blocks were then cut into ultrathin sections, stained with
2% methanolic uranyl acetate and Reynolds lead citrate, and
viewed under a Leo 912 AB TEM at 120 kV.

Statistics. Statistical analysis was performed in SPSS. The ICP-
MS data for each size of mNP (100 or 200 nm) for each time point
(1 or 18 h) were analyzed by one-way ANOVA with Dunnett's
test. The confocal data were analyzed by one-way ANOVA with
Tukey's test. For the rheology, ICP-MS, and confocal data, n = 3.
In all figures * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.
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