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Abstract. Collagen (I) impairs the targeting of nanoparticles to tumor cells by obstructing their
diffusion inside dense tumor interstitial matrix. Especially, this makes large nanoparticles (>
50nm) to reside near the tumor vessels and thereby compromises their functionality. Here we
propose a strategy to locally improve nanoparticle transport inside collagen (I) component of the
tumor tissue. We first used heat generating gold nanorods to alter collagen (I) matrix by local
temperature elevation. We then explored this impact on the transport of 50nm and 120nm
inorganic nanoparticles inside collagen (I). We demonstrated increase in average diffusivity of
50nm and 120nm in the denatured collagen (I) by ~ 14 and ~ 21 fold, respectively, compared to
intact untreated collagen (I) matrix. This study shows how nanoparticle-mediated hyperthermia
inside tumor tissue can improve the transport of large nanoparticles (>50nm) inside a collagen (I)
matrix. The ability to increase nanoparticles diffusion inside tumor stroma allows their targeting or
other functionalities to take effect, thereby significant impact.

A major focus in cancer nanomedicine is to transport nanoparticles to cells within tumor milieu'™.
Nanoparticles are designed as imaging probes*® and therapeutic agents’ ' to target tumor cells. To

target tumor cells, nanoparticles are surface modified with a ligand that is specifically recognized

11,12

by tumor cells and are then injected into the bloodstream. These nanoparticles are next

transported through blood circulation to the tumor vessels, where it has been proposed to escape

13-15
. Once

the leaky tumor vessels via enhanced permeability and retention mechanism
nanoparticles cross the vessel wall, they need to be transported through the tumor interstitial
matrix to reach the cells. Collagen (I), a major protein in the tumor interstitium'®, forms a dense
3D network of fibrilar structure in the interstitial space between the tumor cells and blood vessels,

17-19

and acts as the dominant physiological barrier against diffusion inside the tumor "~". This poses a

great challenge for many nanoparticle designs, especially for larger sizes (e.g., 100 nm) that get
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stuck within the collagen network®. If the nanoparticles are unable to diffuse through the tumor
interstitial matrix, they will reside near the vessel. There are two consequences to this: (1) targeted
nanoparticles will not be able to interact with receptors on the cells, and (2) tumor retention may
be shortened as they can easily diffuse out of the tumor because of high interstitial pressure
(IFP)*'. The inability of nanoparticles to transport through the tumor interstitial matrix may be a
reason that a number of recent studies showed a lack of difference in total tumor accumulation

- - - L 12225
between active and passive-design nanoparticles

. Hence, there is a need to develop strategies
to alter the tumor matrix to enable transport of nanoparticles through it. A number of strategies
have been proposed: (a) the use and incorporation of proteolytic enzyme collagenase® in the

nanoparticle design®’*’

and (b) design of larger nanoparticles to degrade and release smaller
nanoparticles within the tumor matrix®®. However, these strategies have limitations. First, free
collagenase can not be systematically administered as collagen is the structural protein in other
organs’' or it may lose activity during nanoparticle formulation process’>. Second, conversion of
large particle assemblies to small nanoparticles require intricate design chemistry to minimize
degradation during circulation® and rapid release®® within tumor matrix before being cleared by
elevated IFP*. Given the heterogeneity of tumors plus variable tumor retention rates based on
nanoparticle physical-chemical properties, it may be difficult to design a unified nanosystem for
this purpose.

Here we proposed a strategy to locally improve nanoparticle transport inside collagen (I)
component of the tumor tissue. In a collagen (I) p-channel setup, we first introduced gold
nanorods (GNRs) to alter the collagen (I) matrix under near-infrared (NIR) light stimulation. We
showed local irreversible denaturation of collagen (I) fibrils by using GNR’s to photo-thermally

increase the local temperature to 45-55°C. We then introduced two sizes of 50nm and 120nm

nanoparticles with the same surface chemistry into both treated and untreated collagen (I) p-
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channels. We demonstrated increase in average diffusivity of 50nm and 120nm in the denatured
collagen (I) by ~ 14 and ~ 21 fold, respectively, compared to intact untreated collagen (I) matrix.
This study shows how nanoparticle-mediated hyperthermia inside tumor tissue can improve the
transport of large nanoparticles (>50nm) inside a collagen (I) matrix.

GNRs were selected for this study because the heat generated by these nanoparticles have
a theoretical photo-thermal (PTT) conversion efficiency of > 90% with NIR wavelength excitation
between 700-850nm. Also, this wavelength range has been shown to yield the largest tissue
penetration depth36. GNRs have been applied for single cancer therapy as a hyperthermia agent37'

0 or as part of a combinatorial strategy for synergistic killing*'*

of tumor cells. The experimental
set-up to study the effect of GNRs generated heat on transport through a collagen (I) matrix is
described in figures 1a and b. The glass p-chip had two reservoirs, which were connected through
a p-channel. We filled the channel with bovine collagen (I) solution and neutralized it to form
rigid gel structure in 4hrs. The collagen (I) matrix appeared turbid inside the p-channel (Figure
Ic). Reflectance confocal imaging revealed a porous structure with randomly oriented collagen
fibers at a concentration ranging from 2-7 mg/mL (Figure S1). A 7mg/ml collagen concentration
(Figure 1d) was used for most experiments as it was in the range of the reported collagen (I)
contents in tumors*. The transport mode in our setup was diffusion (derived by concentration
gradient) as there was no convective flow (Peclet number ~ 0). GNRs were synthesized via a
directional growth of gold seeds in cetyltrimethyl ammonium bromide (CTAB) surfactant and
ascorbic acid*'***(See Materials Methods in the Supplement Section). Next, GNRs were coated
with polyethylene glycol (PEG) to stabilize them in a buffer medium. The GNRs had an average
length to width ratio of 28nm x 7nm (Figure 2a), longitudinal absorption peak at 750nm and a

transverse peak at 520nm (Figure 2b). 30ul GNRs were added to one reservoir and the other

reservoir was filled with equal volume of phosphate buffered saline (PBS). Then we used a



Nanoscale

Invitation for Special Issue on Cancer Nanomedicine

continuous wavelength near-IR laser (785nm) to excite the GNRs and the temperature was
monitored using thermal imaging. We first correlated the relationship between GNR concentration
and laser power to control temperature elevation (Figure 2c¢ and S2). We utilized this
characterization to study the effect of heat on collagen (I) gel structure in the p-channels. We
raster irradiated the channel horizontally with a 5 mm diameter laser beam in one side of the p-
channel. We optimized the GNR concentration (6nM), laser power density (3W/cm?) so that the
channel exposed-area exhibit an average temperature between 45-55°C, in the range of reported

collagen (I) denaturation temperatures%’47

(See figure 2d) When the p-channel was heated, the
exposed area became clear (Figure 2d). The heated medium converted from a dense hydrogel to a
liquid-like medium. We detected no reflectance signal from collagen fibrils within a photo-
thermally exposed area (Figure 2e and f) with 88% loss of turbidity (as measured by absorbance
measurements at 405 nm®) compared to non-exposed areas (Figure 2g), suggesting the
disappearance of collagen fibers. After cooling, the fiber structure did not re-form, indicating
irreversible denaturation of collagen fibers. This is likely due to the transformation of the native
triple helical structure into a random coiled structure as reported by previous studies*™°. This
change in conformation was further confirmed by the observation of agglomerates at the bottom of
the channel wall (Figure 2h).

The GNR’s PTT experiments clearly showed that the fibrilar structure was altered in the
collagen (I) matrix. We next evaluated whether this change in collagen (I) matrix will lead to an
increase in transport of spherical nanoparticles. We selected gold nanoparticles of 50 and 120 nm
core diameters as model particle systems. These spherical gold nanoparticles were synthesized
using a hydroquinone-seed mediated growth method and surface coated with polyethylene glycol

and AlexaFluor dye molecules using previous developed methods from our laboratory (Figure 3a,

See materials and methods). This dye was selected because it can be excited at 647 nm and the
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emission is far from the plasmon band of the gold nanoparticles, so that minimal quenching of the
dye by gold nanoparticle surface would occur. The 50nm and 120nm nanoparticles showed
plasmon peaks at 535nm and 595nm, respectively (Figure 3b). TEM images revealed their size
and shape with narrow size distribution (Figure S3) and this was supported by dynamic light
scattering measurements with a PDI < 0.06.

To demonstrate GNR’s PTT effect on diffusion, we added GNRs (6nM) in one reservoir of
both p-channels and then illuminated the channel with a laser for 6min using our previously
optimized conditions. We then added the fluorescently-tagged nanoparticles on top of the GNRs
reservoir and then traced the motion of the nanoparticles as it was diffusing along the collagen (1)
matrix channel length using confocal fluorescence microscopy (Materials and Methods). Images
were recorded in 12hrs at different distances along the p-channel and processed using ImageJ and
Matlab to develop spatio-temporal intensity profiles and calculate diffusivity values, respectively.
The confocal fluorescent images in figure 3¢ illustrate the diffusion of the 50nm (red) and 120nm
(green) nanoparticles along the collagen (I) matrix channel before and after PTT treatment. The
red/green colors are meant to distinguish between 50nm and 120nm nanoparticles and not
indicative of actual emission channel. The diffusion direction is from left (high concentration) to
right (low concentration) at the same time point and the position for each particle size. Regardless
of nanoparticle size, in untreated collagen (I) matrix, the average intensity along the channel
length is low and most of the nanoparticles are populated at the left end of the channel whereas in
a photo-thermally treated (PTT) collagen (I) matrix, we detected higher average fluorescence
intensity through the entire length of the channel. Qualitatively, we can make two conclusions. (1)
At a defined time t, the number of nanoparticles along the length of the channel is higher in PTT-
treated channel for both nanoparticle sizes. (2) At the same nanoparticle concentration, the

penetration depth through the collagen (I) matrix is increased when PTT is applied. This suggested
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that there was an increase in the diffusivity of nanoparticles through the collagen (I) matrix after
PTT. We further scrutinized these results by developing intensity profile along the mid-channel
for each particle size. Figure 3d,e show temporal intensity profiles for the 50nm nanoparticles in
control and PTT-treated p-channels, respectively. The PTT process increased the rate of intensity
change compared to an intact collagen (I) matrix, regardless of the penetration depth. For a fixed
penetration depth (same concentration gradient), the rate of increase in intensity can be a measure
of how resistant the medium is against diffusion. For penetration depth of 0-500pum, we calculated
~ 9 fold increase in the intensity rate for PTT treated channel. This means in PTT denatured
collagen (I) matrix, 50nm nanoparticles reached their initial local maximum concentration 9 times
faster than intact collagen (I) matrix (control). We then plotted the normalized intensity versus
penetration depth at t = 4hrs which was the required time for x = 0 (Reference point) to reach its
maximum point (Figure 3f). For penetration depth of 100um-1000um, we found 2.1-18.0 fold
increase in the intensity. We inferred in PTT treated channel, the local concentration of 50nm
nanoparticles at different penetration depth was increased. Also, an increase in the intensity from
0% to 54% at x =1,000um suggests that the penetration depth in PTT-treated channel was
increased. The effect of the PTT process for 120 nm particles followed the same trend as 50 nm
nanoparticles, shown in Figure 3g, h. 120nm nanoparticles reached saturation in PTT-treated
channel in ~ 3hrs while in untreated channel the signal for the same spot started to saturate after
12 hrs. 120 nm nanoparticles showed fluorescent signals at 500 um for PTT treat collagen (I)
matrix as compared to untreated matrix. This suggested more than a 300um increase in
penetration depth for 120nm nanoparticles. We quantified the change in collagen (I) matrix
diffusivity (D) by developing intensity profiles versus penetration distance at fixed time points and

fitted the data to fick’s law solution:
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C(x,t) =A erfc(ﬁm) (1)
where C denotes nanoparticle intensity, x represents diffusion distance and t shows imaging time.
Figure 4 demonstrates the change in diffusivity of 50 nm and 120 nm inside the collagen (I)
matrix during the PTT. In the absence of PTT, 50nm nanoparticles showed an effective diffusivity
value of 1.62x10™® cm?/s through the collagen (I) matrix channel compared to 3.39x10” cm?*/s for
the 120nm sized gold nanoparticles. Interestingly, PTT process increased the effective diffusivity
of the 50 nm gold nanoparticle by ~ 14 fold (2.36x10"cm?/s) versus ~ 21 (7.22 x10™® cm?/s) fold
for 120 nm nanoparticles. From this data, the diffusivity of the 120 nm nanoparticle is 4.5 times
slower than the 50 nm through the collagen (I) matrix. Considering inverse proportionality of D
vs. hydrodynamic radius in the Stokes-Einstein equation, a 2.4 times decrease in diffusivity based
on core nanoparticle diameters is calculated. This discrepancy may be explained by a combination
of different hydrodynamic radius after PEGylation/Dye conjugation and surface charge density
between the 50nm and 120nm nanoparticles. Interestingly, we found PTT process showed ~1.5
fold higher effect on diffusivity enhancement for 120nm versus 50nm. If one rules out average
measurement errors and that PTT from GNRs homogeneously denatures collagen matrix, one
would expect the same ratio of enhancement in diffusivity for both nanoparticle sizes. However,
from Stokes-Einstein equation, D is inversely proportional to the term pR, where p is medium
viscosity and R is hydrodynamic radius. This suggests that the PTT effect from GNRs may
inhomogeneously denature collagen fibers inside its network. This is supported by our earlier data
that random coiled microstructures were detected at the bottom of the channel, suggesting that
inhomogeneous viscosity appears inside the denatured collagen (I) matrix. So, what does this
mean in terms of nanotherapeutic delivery to tumor cells? Larger nanoparticles such as the 120
nm can carry more therapeutic agents to cancer cells than smaller nanoparticles but previous

studies showed that these larger nanoparticles typically reside near the tumor vasculature. There
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could be a trade-off between the diffusivity of smaller nanoparticles through the tumor
extracellular matrix versus the larger nanoparticles. Here, we showed the transport limitations of a
larger nanoparticle can be negated by thermally denaturing the collagen (I) matrix first, which can
potentially remove the barrier for transport of larger nanoparticles to tumor cells.

In conclusion, we used an in vitro model to show that a 2-step process can enhance the
penetration of nanoparticles transport within a collagen matrix. The first step requires the
denaturation of collagen structure by using gold nanorods heating, which effectively opens up the
collagen (I) matrix for larger nanoparticles to transport through. We clearly showed a deeper
penetration depth of 50 and 120 nm spherical gold nanoparticles within the collagen (I) matrix
after gold nanorod priming. Further experiments will require the confirmation of improved
transport of larger nanoparticles through the tumor matrix in animal models. The tumor
extracellular matrix may prevent the transport of nanoparticles to the targeted tumor cells and the
use of gold nanorods heating may prime the tumor for the “actual” nanoparticle therapeutic or
diagnostic formulation to be successfully delivered to the tumor cells. This may be the case for
both direction injection of “second” nanoparticles into tumors as well as via a systemic inject,
where nanoparticles may have to diffuse through the matrix to reach the targeting cells. The gold
nanorods may be introduced into the tumor via direct or system injection. In vivo, even if these
nanoparticles do not penetrate deeply, the ability to heat and denature the localized tumor matrix
may allow more nanoparticles to diffuse through. The incorporation of heat-generating
components that denatures the tumor extracellular matrix may allow entire nanosystems to be

transported through the tumor extracellular matrix and achieve specific tumor cell targeting.
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Figure 1| Design of the tumor collagen (I) matrix barrier model. A) Schematic of the p-chip design. B) XY- plane
projection of the p-channel: The p-channel dimensions are 17mm x 3.8mm x 0.4mm (L x W x H), which can
accommodate 30ul collagen (I) hydrogel. The thin glass slide at the bottom would enable imaging by confocal
fluorescence microscopy along the p-channel. C) Optical image of the p-channels filled with intact collagen (I)
proteins between the reservoirs appear turbid. D) Reflectance confocal image of the collagen (I) matrix at 7mg/ml
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Figure 2| Effect of photo-thermal GNRs on collagen (I) matrix. A) Representative TEM image of gold nanorods
with an aspect ratio of ~ 4. B) Absorption spectrum of gold nanorods, which showed longitudinal and transverse
plasmon peaks at 750nm and 520nm, respectively. C) Photo-thermal characteristics of GNRs under fixed 3W/cm®
laser power density as a function of concentration. D) Thermographic image of the p-chip during PTT process on
GNRs injected into the channel. The GNR elevated the local channel temperature (red/yellow color) to an average of
~ 47°C after raster illumination of laser beam (3W/cm?) over ~ 8mm channel length for 6 min. E) Optical image of
the collagen p-channels after PTT process. The collagen hydrogel appeared clear. F) Reflectance confocal image of
the channel after PTT. G) Normalized absorption of collagen (I) hydrogel at 405nm before and after PTT process. H)
Transmittance confocal image of the PTT affected channel area.
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Figure 3| Effect of Photo-thermal GNRs on diffusion inside collagen (I). A) Schematic of the process to PEGylate
and surface modify the gold nanoparticles with AlexFluor647nm. B) Absorption spectrum of fluorescent Alexafluor
(647nm)-conjugated gold nanoparticles. C) Representative confocal images of two parallel channels with and without
PTT process and 50nm and 120nm fluorescently tagged gold nanoparticles. The red/green colors are meant to
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distinguish between 50nm and 120nm nanoparticles and not indicative of actual emission channel. D) Mid-channel
intensity profile for 50nm without PTT. E) Mid-channel intensity profile for 50nm with PTT. F) Penetration depth
profile for 50nm at t=4 hrs with and without PTT. G) Mid-channel intensity profile for 120nm without PTT. H) Mid-
channel intensity profile for 120nm with PTT. I) Penetration depth profile for 120nm at t=2.5hrs with and without
PTT.
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Figure 4| Effect of GNRs PTT on the diffusivity of 50nm and 120nm gold nanoparticles inside collagen (I).
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