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Abstract

Ultrasmall nanoparticles (NPs, <10 nm) have promise in cancer treatment, yet little is known
about how NP physical properties influence penetration through solid tumors. To elucidate the
role of NP size and structure, we prepared a series of sub-10 nm poly(amidoamine) (PAMAM)
dendrimers and gold NPs (AuNP), and evaluated penetration in multicellular tumor spheroids
(MCTS). Smaller generation 2 dendrimers (G2-NH,, 2.9 nm diameter) penetrated 2.5-fold
deeper than larger G7-NH; (8.1 nm) (p = 0.0005). Despite increased accumulation within
MCTS, electrostatic cell interactions and ligand (folic acid, FA)-mediated targeting had minimal
influence on penetration. NP rigidity played a minor role in penetration, with smaller rigid
AuNP (2 nm) penetrating significantly more than larger AuNP (4 nm) (3-fold, p = 0.014; G2-
NH; vs. G4-NH,, 2.8-fold, p = 0.033). Our findings highlight the importance of rational NP

design and provide design cues for tailored NP distributions within solid tumors.
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Background

Nanoparticles (NPs) have been heavily investigated for their potential to deliver
anticancer agents with controlled biodistributions, minimizing off-target effects and promoting
efficacy.! Despite these promises, the vast majority of NP designs fail long before reaching the
clinic. Over the past decade, relatively little improvement in NP delivery has been reported,
suggesting a deeper understanding of NP-tumor interactions is required to accelerate their

clinical translation.’

The characteristic tumor biology presents several barriers to efficient delivery.>* The
rapid proliferation of tumor cells increases their distance (>100 um) from the vasculature and
causes local compressive forces on blood and lymphatic vessels. These phenomena generate
nutrient gradients and subsequent changes in cell proliferation rates. As a result, cells at the
tumor core are often found to be more resistant to agents that target rapidly proliferating cells.’
Furthermore, drug activity can be highly dependent on the metabolic environment and location
of the target cells.® It is thus necessary to develop a NP system that efficiently penetrates across
the solid tumor. A promising engineering approach to achieve this would be controlling the

tumor penetration behaviors of NPs through simple modification of their physical properties.

Not surprisingly, size matters. Larger sizes (100-200 nm) are typically associated with
productive tumor accumulation via the enhanced permeability and retention (EPR) effect due to
localized vascular leakage.” However, they are too large to efficiently penetrate target tissues
and are hindered by convective forces and high hydrostatic pressures within the tumor lymph.
For this reason several groups have turned towards ultrasmall (<10 nm) particles in order to
maintain efficient tumor penetration capabilities.”” Ultrasmall NPs (<10 nm) typically exhibit

significantly enhanced tumor penetration properties compared to larger NPs.*'®  Within the sub-



10 nm size range, poly(amidoamine) (PAMAM) dendrimers provide an ideal platform for
investigating the role NP properties play due to their precisely controllable size, near-
monodispersity, and large number of surface terminal groups, allowing for facile

11,12

multifunctionalization. Importantly, dendritic materials and PAMAM dendrimers have a

substantial track record of tumor targeting for chemotherapy and gene delivery, theranostics, and

imaging applications.'*™

The natural barriers to NP delivery and significant influence of NP physical properties on
nano-bio interactions necessitate a better grasp on NP design parameters. Kannan, ef al. have
identified the need to engineer ‘critical nanoscale design parameters’ for optimizing NP
pharmacokinetics and pharmacodynamics.'” This provides a strategy for linking physical
parameters with in vivo limitations, and prioritizes a mechanistic understanding of how NP

properties influence their tumor interactions.

We have previously identified that the penetration and accumulation of dendrimers
within multicellular tumor spheroids (MCTS), a commonly used in vitro 3D solid tumor model,
can be controlled by engineering their size and surface charge, respectively.'® Smaller, amine-
terminated generation 2 PAMAM dendrimers (G2-NH,, 2.9 nm as per manufacturer'®) displayed
significantly greater penetration properties than G4-NH; (4.5 nm) and G7-NH; (8.1 nm) (Figure
1). Asshown in the fluorescence images of MCTS cryosections, G2-NH, was clearly observed
within the extracellular space, whereas G7-NH, was diffusely distributed along the MCTS
surface. These results led us to hypothesize that the transit pathway of dendrimers is dependent
upon the dendrimer size, which is the underlying reason for their observed penetration

differences.



Methods

Materials

PAMAM dendrimers were all purchased from Sigma Aldrich (St. Louis, MO). N-
hydroxysuccinimide rhodamine (NHS-RHO) were obtained from Thermo Scientific (Rockford,
IL). D,L-lactide was purchased from Polysciences Inc. (Warrington, PA). Cationic gold
nanoparticles were purchased from Nanopartz (Loveland, CO). All other chemicals used in this

study were purchased from Sigma Aldrich unless specified otherwise.

Microscopy and Image Analysis

All MCTS penetration was visualized using a Zeiss LSM 710 Meta confocal laser scanning
microscope (CLSM, Carl Zeiss, Germany). The 543 nm line of a 1 mW tunable HeNe laser was
used for the excitation or RHO, and emission was filtered at 565-595 nm. Images were captured
using a 10x/0.25 Ph1 A-Plan objective. ImagelJ was used for image analysis. For image analysis,
whole MCTS were selected from brightfield images to generate a region of interest (ROI). The
ROI was then overlaid over the corresponding fluorescence (FL) image. The ROI outer edge
was made into a 1 pixel thick band and the average FL measured. The ROI was then shrunk by 1
pixel, a new band generated and the FL. measured. This process was repeated to generate a
profile of average FL vs. depth as measured by total pixels the ROI was shrunk. The surface of
the MCTS thus corresponds to 0 pixel depth. Area under the curve (AUC) of the average FL vs.
depth plot was used to describe the total accumulation of dendrimer within the entire MCTS.
Penetration depth was measured based on average fluorescence at the innermost region of the

MCTS core and applied evenly to all images within the experiment. Average fluorescence



intensity at the core of the MCTS was measured using ImageJ over an innermost area equal to

one third the area of the entire MCTS.
Modeling Dendrimer Penetration into the MCTS

Dendrimer penetration was modeled based on our previously published data of dendrimer
penetration in MCF-7 MCTS.” All confocal intensity curves were normalized such that intensity
was equal to '1" at the outer surface of the spheroid (r = R) and '0' as it approached the center.

Fick’s Second Law of diffusion is described by the following partial differential equation,

dc
~ =V (DVo) (Bq. 1)

where ¢ was dendrimer concentration, ¢ was time, and D described diffusivity. For one-

dimensional, radial () transport in spherical coordinates, Eq. 1 became

dc . 0%c  2D*dc
%=|pr i+l (Eq. 2)
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where D* was the effective diffusivity of the dendrimer within the MCTS. Because the
concentration was measured indirectly as fluorescence intensity, we normalized each profile
assuming an MCTS with radius (R) 0.3 mm, a concentration of 1 at » = R, and approaching a
concentration of 0 from the outside-in. We then used Matlab (release R2017a, MathWorks,
Natick, MA) to numerically solve the partial differential equation (function ‘pdepe’) described in

Eq. 2. The initial condition was defined as
c0<r<Rt=0))=0 (Eq. 3)

and boundary conditions were defined as

Lr=0=0 (Eq.4)



c(r=R,t) =cp (Eq. 5)

The parameters D*, and cr were identified by least squares fitting (default trust-region-reflective
algorithm by the function ‘Isqcurvefit’) of a normalized distribution profile to the solution of the
partial differential equation at time ¢ = fyeatment. Only the monotonically decreasing section of

each profile was fit with the model, shown in SI Figure 1-3.
Preparation of Surface Modified PAMAM Dendrimers

In order to visualize their interactions with biological systems, dendrimers were first labelled
using NHS-rhodamine (RHO) and then surface modified as previously reported.'® For example,
G2 PAMAM dendrimers were first purified using membrane dialysis against deionized distilled
water (ddH,O) and subsequently lyophilized. Purified G2 PAMAM dendrimer (40 mg, 12 umol)
was dissolved in 2 ml of ddH,O. To this, NHS-RHO (7.8 mg, 14.7 umol) in 300 ul DMSO was
added dropwise with stirring. The reaction was carried out for 24 h at room temperature.
Product was then purified by membrane dialysis against ddH,O, or in the case of larger
dendrimers, ultrafiltration (MWCO 3500 or 10000 kDa for G4 or G7 conjugates, respectively).
Purified products were lyophilized, resulting in G2-RHO-NH; (G2-NH,). RHO-labelled
PAMAM dendrimers were also surface modified to contain acetylated surface groups. For
instance, to acetylate the dendrimers, RHO-labelled G2 PAMAM dendrimers (13.5 mg, 3.6 umol)
were dissolved in 3 ml of methanol and reacted with acetic anhydride (29.1 mg, 285 umol) and
triethanolamine (36.1 mg, 357 umol) for 24 h at room temperature, generating G2-RHO-Ac (G2-
Ac). Acetylated materials were purified similar to their amine-terminated counterparts. Partially
acetylated G5 PAMAM dendrimers were prepared similarly. G5 PAMAM was first RHO-
labelled with NHS-RHO and purified by ultrafiltration (MWCO 3500 kDa) against ddH,O.

Partial acetylation was performed similarly to other dendrimer conjugates at 2.5%, 5%, 10%,



20%, 30%, 60%, 80%, and 100% molar ratios to the number of primary amines. Partially
acetylated dendrimers were then purified as reported above. All prepared materials were
characterized by "H NMR using a 400 MHz Bruker AV400 spectrometer (Bruker BioSpin Corp.,
Billerica, MA). Dendrimer zeta potential was measured in ddH,O using dynamic light scattering

with a Zetasizer Nano ZS (Malvern Instruments Inc., Westborough, MA).
Preparation of FA-Targeted PAMAM Dendrimers

FA-targeted, RHO-labelled, surface acetylated PAMAM dendrimers were prepared similar to
that previously reported.® In brief, FA (15.2 mg, 34.4 umol) was activated in DMSO with excess
EDC (66.0 mg, 344 umol) and NHS (39.6 mg, 344 umol), and the reaction let proceed at room
temperature with stirring for 2 h. After 2 h, the appropriate amount of activated FA in DMSO
was added dropwise to RHO-labelled amine-terminated dendrimers dissolved in DMSO. A 2-,
6-, and 15-fold molar excess of FA to dendrimer reaction ratio was used for reactions with G2,
G4, and G7 dendrimers, respectively. RHO-labelled, FA-conjugated dendrimers were purified
by repetitive dialysis against ddH,O and lyophilized. Resulting dendrimer conjugates were next
dissolved in methanol and surface acetylated with excess acetic anhydride (4-fold molar excess
to surface amines), and purified by repetitive dialysis or ultrafiltration against ddH,O as
described above. All prepared materials were characterized by 'H NMR using a 400 MHz

Bruker AV400 spectrometer (Bruker BioSpin Corp., Billerica, MA).
Preparation of AuNPs

In order to prepare gold nanoparticles (AuNP) similar in size to G2 and G4 PAMAM dendrimers,
RHO-labelled cationic AuNP either 2.2 nm or 4 nm were prepared, termed AuNP (G2) or AuNP

(G4), respectively. AuNPs were dissolved in ddH,O at 2.5 mg/mL (38 uM AuNP (G2) or 6.5



uM AuNP (G4), 0.36 mL). To this, NHS-RHO (3-fold excess to AuNP (G2) or 6-fold excess to
AuNP (G4)) dissolved in minimal DMSO was added dropwise. The reaction was let proceed at
room temperature overnight with stirring. Product was purified by ultrafiltration (MWCO 3 kDa)

against ddH,O, and resulting product solution was stored at 4°C prior to use.

Cell Culture

The KB cell line was purchased from the American Type Tissue Collection (ATCC, Manassas,
VA) and grown continuously as a monolayer at 37°C, 5% CO; in folate-deficient GIBCO RPMI
1640 medium (Invitrogen Coporation, Carlsbad, CA) supplemented with penicillin (100 units/ml)
and 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen). The MCF-7 cell line was
graciously donated by the Tonetti lab at the University of Illinois at Chicago and grown
continuously as a monolayer at 37°C, 5% CO,; in DMEM medium (Mediatech, Inc., Manassas,

VA) supplemented with penicillin (100 units/ml) and 10% heat-inactivated FBS.

Penetration Assay Using Multicellular Tumor Spheroids (MCTS)

MCTS were prepared using the liquid overlay method. For example, KB cells from a confluent
T-75 KB cells from a confluent T-75 flask were detached using trypsin-EDTA and resuspended
in supplemented RPMI 1640 medium at a concentration of 10,000 cells/ml. Two hundred
microliters of cell suspension were added to each well of a 96-well plate coated with 50 ul of
1.5% agarose in RPMI 1640. The cells were incubated on agarose for 5 d to allow the formation
of MCTS. MCF-7 MCTS were prepared similarly using supplemented DMEM medium and a

seeding concentration of 12,000 cells/mL.

For evaluating the penetration of partially acetylated G5 dendrimers in MCF-7 MCTS after 5 d

to allow for growth of the MCTS, 100 puL of media was removed and replaced with 100 uL of



fluorescence normalized 2X dendrimer stocks in supplemented DMEM, and treated for the
desired timepoints prior to confocal imaging. Final G5 dendrimer concentration ranged from

approximately 100-200 nM.

For evaluating the penetration of G2-NH,, G4-NH,, and G7-NH in the presence of endocytosis
inhibitors MCF-7 MCTS were allowed to first form for 5 d as described above. Concentrations
of endocytosis inhibitors was as follows: 2.1 pg/mL chlorpromazine, 1.0 ng/mL filipin, 1.5
pg/mL cytochalasin D, or 1 mg/mL sodium azide and 8.2 mg/mL deoxyglucose in combination.
For treatment, 100 uL. was removed from each well, and 100 pL of 2X inhibitor added. This
pretreatment was run for 30 min. After 30 min, 100 uL was removed from each well and 100 pL
of 1X inhibitor and fluorescence normalized 2X dendrimer stock in supplemented DMEM was
added and the treatment let run for either 5, 12, or 24 h. Final dendrimer concentrations were

approximately 60 nM G7-NH;, 244 nM G4-NHp, or 1.3 uM G2-NH,.

For evaluating the penetration of AuNPs, all materials were fluorescence normalized and MCTS
were treated as described for the experiments above. Final concentrations for G2-RHO-NH,; and

G4-RHO-NH; were approximately 19.2 uM and 2.4 uM, respectively.

2D cell culture was performed similarly to the MCTS assays using 96 well tissue culture plates.
Cells were treated for the desired timepoints, the media removed, and the cells washed three
times using PBS. Images were taken with an Olympus IX70 inverted microscope (Olympus
Scientific Solutions America Corp., Waltham, MA) using QCapture Pro software (QImaging,

Surrey, BC, Canada).
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Statistical Analysis

For evaluating the penetration of partially acetylated G5 PAMAM dendrimers and dendrimers in
the presence of various endocytosis inhibitors results are reported as the mean and standard error
from at least n = 5 replicates from the same cell passage, and is consistent with multiple
independent experiments of separate passages. All other experiments, unless otherwise noted,
represent mean measurements and standard error from n = 3 separate cell passages. Statistical
significance was determined using 2-way ANOVA followed by Tukey’s post-hoc analysis of
multiple comparisons with alpha = 0.05 using GraphPad Prism version 7.00 for Windows,

GraphPad Software, La Jolla California USA.
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Results

Modeling Penetration through the Tumor

In this study, we first hypothesized that if G2-NH; freely diffused the extracellular space,
its penetration profile would follow Fick’s Second Law of Diffusion. ' In contrast, larger
dendrimers unable to rapidly penetrate paracellular, or penetrating via a transcellular route,
would exhibit slower penetration, as they are dependent on the kinetics of repeating cycles of
endocytosis, cellular transit, and subsequent exocytosis. We prepared a mathematical model
based on Fick’s Second Law of Diffusion solved with boundary conditions and simulated
diffusion within a sphere to derive values of relative diffusivity by nonlinear least squares fitting
(Eq. 1). The model was fit to our previously published findings of dendrimer penetration in
MCF-7 MCTS (Figure 2)."° G2-NH, profiles from 0.5 to 24 h were described partially by the
diffusion model (SI Figure 1 and SI Table 1), although the apparent diffusivity decreased with
time. In contrast, simple diffusion did not describe the penetration profiles of either larger G4-
NH; (SI Figure 2) or G7-NH; dendrimers (SI Figure 3). Notably, diffusivity values derived at
each time point did not scale with the inverse of NP radius, as would be the case for a freely
diffusing spherical particle according to the Stokes-Einstein relation (Figure 2B and 2C). These
findings support our hypothesis that transport of PAMAM dendrimers, larger G4-NH; and G7-

NH; in particular, is driven by one or more non-diffusive phenomena.
Influence of Charge-Mediated Cellular Interactions on Tumor Penetration

We next postulated that the difference in penetration route could, at least in part, be

affected by the level of dendrimer-cell interactions, and less likely due to the relatively small

20,21

differences in dendrimer size. Thus, our second hypothesis was that G7-NH,, with more

12



cationic surface groups (512 vs. 16 of G2-NHy), interacted strong enough with cell membranes to
delay their transit beyond the first few cell layers. Conversely, G2-NH; may elicit enough
charge-based cellular interactions to accumulate within the MCTS, yet not so much as to delay
penetration. To better assess this hypothesis, we examined the effect of dendrimer-cell
interactions and uptake on penetration using two methods: partial surface charge neutralization

of dendrimers and use of chemical inhibitors of cellular uptake.

We prepared a series of dendrimers with various degrees of surface charge to examine the
influence of charge-mediated cellular interactions on penetration. G5 PAMAM dendrimers (5.4
nm) were employed as they are just slightly larger than the apparent penetration size cutoff
between G2-NH; and G4-NH,, and contain twice as many of the surface groups (128) as G4-
NH; (64), allowing us to evaluate a large range of surface charge. Zero, 2.5, 5, 10, 20, 30, 60, or
100% surface neutralization was accomplished via acetylation (SI Figures 4 and 5). If charge-
mediated cellular interactions hinder the penetration of higher generation dendrimers, improved
penetration with acetylation would be expectedly observed. Surprisingly, surface neutralization
did not enhance dendrimer penetration (Figure 3 and SI Figure 6). PAMAM dendrimers with
higher acetylation degrees (i.e. 60-100%) demonstrated the poorest penetration characteristics
(Figure 3B). This difference can be likely attributed to the significantly lower surface
accumulation of neutral dendrimer compared to positively charged ones (Figure 3A and 3C).
Overall MCTS surface accumulation of dendrimers within the MCTS, and in 2D cell culture
were inversely proportional to the degree of acetylation (SI Figure 7). These results suggest the
surface charge of PAMAM dendrimers does not noticeably affect their penetration into cellular

masses, although it plays a key role in determining the level of cell interactions.
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Impact of Cellular Uptake on Tumor Penetration

We then investigated if the cellular uptake of dendrimers affects their penetration within
MCTS. MCF-7 MCTS were treated with G2-NH,, G4-NH,, or G7-NHj; in the presence of
various endocytosis inhibitors, and their penetration behaviors were evaluated (Figure 4).
PAMAM dendrimers have been shown to internalize into cells via multiple pathways. "'
Endocytosis has been reported to be inhibited by either chlorpromazine (clathrin-mediated),
filipin (caveolae-mediated), cytochalasin D (macropinocytosis), or both sodium azide and
deoxyglucose (energy dependent via ATP depletion).”*’ We speculated that if larger
dendrimers transited the MCTS via a transcellular pathway, decreasing the cellular uptake would
enhance the penetration of dendrimers, which would be more pronounced in the case of larger
ones. Interestingly, G4-NH, and G7-NH; penetration was unaffected by treatment with any of
the endocytosis inhibitors (Figure 4B and SI Figure 9). Cytochalasin D, an inhibitor of
macropinocytosis, had a penetration enhancement effect on G2-NH, at a time point as early as 5
h, with significantly greater penetration after 12 h compared to MCTS not treated with
endocytosis inhibitors (4.3-fold, p <0.0005). A similar enhancement in G2-NH, penetration was
observed following filipin treatment after 12 h (3.25-fold, p = 0.059). However, by 24 h, all G2-
NH; showed enhanced penetration into the MCTS, with the exception of those treated with
chlorpromazine. Nonetheless, G2-NH; was still able to penetrate the innermost regions of the
MCTS even in the presence of chlorpromazine, as observed on images (Figure 4A). The limited
penetration based on image quantification is likely due to poor surface accumulation of G2-NH,

in the presence of chlorpromazine.
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Effect of NP Rigidity on Tumor Penetration

The distinct penetration difference between G2-NH, and G4-NH; implies a size cutoff for
rapid transit between 2.9-4.5 nm. These findings suggest that the cellular uptake of larger
dendrimers does not significantly contribute to their retention within the MCTS periphery,
disproving our second hypothesis. Instead, our results support that the small differences in
dendrimer size may in fact dictate their penetration kinetics. We were intrigued by the fact that a
relatively small size (< 3 nm) difference between G2-NH, and G4-NH, was sufficient to lead to
notably different penetration profiles. However, it seemed possible that this effect may be
specific to the flexible nature of smaller dendrimers, considering that larger dendrimers may
form chain entanglement, decreasing their conformational flexibility. To examine the effect of
NP flexibility and composition, the MCTS penetration behaviors of G2-NH;, and G4-NH,
dendrimers were compared with similarly sized, positively charged, rigid 2 nm and 4 nm gold
NPs (AuNP), respectively. AuNPs have been investigated for their potential as imaging agents
and for therapeutic delivery to cancers.””*?’ Interestingly, AuNPs demonstrated similar
penetration trends as those of their comparatively sized dendrimer counterparts (Figure 5).
Within 6 h, G2-NH, exhibited a 2.8-fold enhancement in penetration depth compared to G4-NH,
(» =0.033). A similar 3.1-fold enhanced penetration was observed between AuNP (2 nm) and
AuNP (4 nm) (p =0.014). Both G4-NH; and AuNP (4 nm) exhibited notably greater surface
binding, followed by poor penetration into the MCTS compared to either of their smaller
counterparts (Figure SB). These results provide further evidence that the penetration of
ultrasmall NPs within MCF-7 MCTS is likely due to the small size difference between the NPs,

irrespective of particle composition or flexibility.
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Tumor Penetration of Ligand-Targeted NPs

Lastly, we examined the effect of targeting ligands conjugated to the dendrimer surface
on the tumor penetration. Ligand-mediated targeting is a commonly used strategy for
accumulating NPs at the tumor site in a specific manner through specific ligand-receptor

13931 Folic acid (FA) was employed for this study as a model molecule as it is a

interactions.
commonly used targeting ligand for dendrimers to target FA receptors (FAR) overexpressed on a
variety of cancers.>** FA was conjugated to G2, G4, and G7 PAMAM dendrimers, followed by
full acetylation, and their penetration in KB MCTS overexpressing the FAR was evaluated
(Figure 6 and SI Figure 10). FA-targeted dendrimers exhibited markedly greater accumulation
in the MCTS compared to nontargeted dendrimers (Figure 6A and 6E). By 24 h, G2-FA and
G4-FA demonstrated remarkably enhanced accumulation compared to their nontargeted
counterparts (207-fold, p = 0.005 and 58.7-fold, p = 0.002, respectively). Moreover, targeted
dendrimers also penetrated the KB MCTS in a size-dependent manner. Within as little as 1 h,
G2-FA penetrated greater than any other group (Figure 6A and 6B). Penetration of G4-FA
lagged behind G2-FA, yet by 24 h of treatment reached a similar accumulation within the
innermost regions of the MCTS (Figure 6D). G7-FA exhibited the slowest penetration kinetics
within the MCTS, being mostly retained within the outer regions of the MCTS after 24 h. Taken

together, these findings further demonstrated that the penetration of ligand-targeted dendrimers is

size dependent.
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Discussion

Our findings indicate that NP size is the major determinant of tumor penetration.
Interestingly, surface charge, cellular uptake, and the conjugation of targeting ligands did not
play as significant of a role in the penetration behaviors. However, we found that overall
accumulation of NPs within the MCTS was determined by the surface characteristics. That is,
positively charged dendrimers exhibited significantly greater MCTS accumulation, an effect
likely mediated through interactions with negatively charged constituents of the cell membrane.
This phenomena has been well documented in conventional 2D cell culture.?*?' Similarly, cell-
specific interactions mediated via FA resulted in as much as 200-fold accumulation

enhancements.

Among all of our experiments herein, NPs less than 3 nm more rapidly penetrated the
MCTS compared to those larger than 4 nm. Even among NPs with differing compositions
(dendrimers vs. AuNPs), the penetration behaviors of the NPs smaller than 3 nm were more
similar to each other than to their larger counterparts. These findings suggest a possible size
threshold (~3 nm) for penetration, which could be potentially universally applicable to many NP
systems. Future experiments will be required to identify biological factors that contribute to this
observed threshold. It is likely that a combination of cell junctions and matrix proteins would

7,33

influence NP penetration into the solid tumor. For instance, Wang ef al. have identified that

the junction protein desmoglein-2 can hinder the distribution of AuNPs within solid tumors.*

Similarly, collagenase-coating NPs can lead to a 4-fold enhancement in NP penetration through

degradation of components of the tumor extracellular matrix.>>

While PAMAM dendrimers are well-known for their precise size and surface

characteristics, it is important to note that polydispersities among materials exist and could

17



contribute to our findings. For instance, van Dongen and coauthors have demonstrated that
while commercially available G5 PAMAM dendrimers are composed of approximately 65% G5
dendrimers, they are a heterogeneous mixture, including smaller components and larger
tetramers.’® We attempted to minimize smaller impurities through ultrafiltration, yet larger sizes
will be included in final materials. It should be noted that previous analysis of commercial
samples from the vendor used resulted in polydispersity (PDI) values ranging from 1.01-1.04.*"
3% AuNPs obtained from Nanopartz came with a certificate of analysis including NP size, as
measured by transmission electron microscopy (TEM). AuNP (2 nm) and AuNP (4 nm) had

sizes and percent polydispersities of 2.2 nm and 4 nm, and 20% and 10%, respectively.

In conclusion, this study provides design cues for tailoring the tumor penetration and
intratumoral distribution of ultrasmall NPs by controlling their physical properties (most
effectively by size). While additional information is needed for elucidating the barrier to
efficient NP penetration at sizes larger than only several nanometers, our results demonstrate that
physical parameter optimization is necessary for achieving desired distributions of NPs within

the solid tumor, which is itself critical for optimal anticancer drug effects.
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Figure Legends

Figure 1. Unique penetration pathways of various generation (differently sized) PAMAM
dendrimers. Cryosections of tumor spheroids suggest differences in extracellular/intracellular
ratio among the dendrimers. We propose that G2-NH; (labeled with rhodamine) is able to
rapidly penetrate the MCTS via a paracellular pathway, in which transit is largely diffusion
mediated. In contrast, penetration of larger dendrimers, such as G7-NH,, is limited as they are
either too large to penetrate efficiently through the extracellular space, or transit via a slower

transcellular pathway.

Figure 2. Modeling dendrimer penetration in MCF-7 MCTS. (A) Penetration of RHO-
labelled PAMAM dendrimers within MCF-7 MCTS. (B) Normalized diffusivity and (C)
diffusivity relative to G2-NH,, plotted against the inverse of the nominal NP radius R. If
transport was governed only by diffusion, diffusivity would be linear with respect to 1/R
according to the Stokes-Einstein equation. Scale bar is 200 um. Panel (A) was adapted in part
with permission from Bugno, J.; Hsu, H.-J.; Pearson, R. M.; Noh, H.; Hong, S., Size and
Surface Charge of Engineered Poly(amidoamine) Dendrimers Modulate Tumor Accumulation
and Penetration: A Model Study Using Multicellular Tumor Spheroids. Mol. Pharmaceutics

2016, 13 (7), 2155-2163. Copyright 2019 American Chemical Society.

Figure 3. Effect of charge-based cellular interactions on dendrimer penetration. (A) MCF-
7 MCTS were treated with partially acetylated G5 PAMAM dendrimers ranging from 0-100%
surface neutralization. (B) Partial surface acetylation did not enhance dendrimer MCTS
penetration. (C) Surface neutralization was associated with notably lower dendrimer

accumulation within the MCTS. Scale bar is 500 pm.
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Figure 4. Influence of cellular uptake on dendrimer penetration in MCF-7 MCTS. (A)
Penetration of PAMAM dendrimers in the presence of various endocytosis inhibitors. (B)
Inhibition of cellular uptake did not enhance penetration of G4-NH, or G7-NH,. In contrast,
within 12 h G2-NH, penetration was enhanced in the presence of inhibitors of caveolae (filipin)
and macropinocytosis (cytochalasin D) mediated endocytosis. Scale bar is 500 pm. *p = 0.059,

*%p < 0,0005

Figure 5. MCTS interactions of flexible PAMAM dendrimers and their similarly-sized
rigid AuNPs counterparts. (A) Penetration depth of PAMAM dendrimers and AuNPs. (B)
Cross-sectional fluorescence profiles at 24 h indicate different penetration characteristics of
smaller G2-NH; and AuNP (2 nm) compared with their larger counterparts G4-NH, and AuNP

4 nm). A depth of 0 pixels corresponds to the MCTS surface. *p < 0.05
( p p p D

Figure 6. Interactions of neutral folic acid (FA)-targeted dendrimers with FAR-
overexpressing KB MCTS. (A) Confocal images of KB MCTS treated with neutral acetylated
(-Ac) FA-targeted and nontargeted dendrimers. Whereas FA-targeted dendrimers rapidly
accumulated within the MCTS, nontargeted dendrimers did not penetrate the MCTS as indicated
by the absence of signal within the MCTS. (B-D) Cross-sectional profiles of FA-targeted
dendrimer penetration into the MCTS at various time points. (E) Total accumulation of

dendrimers within the MCTS. Scale bar is 200 pm.
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Graphical Abstract

Little is known regarding how nanoparticle (NP) physical properties influence tumor penetration.
In a tumor model we evaluated sub-10 nm poly(amidoamine) dendrimers and gold NP
penetration. Penetration was strictly size-dependent, within minimal influence of electrostatic
interactions, ligand targeting, cellular uptake, and rigidity. We provide insights for tailored NP

tumor distributions.
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