UC San Diego
UC San Diego Previously Published Works

Title

Tuning the Hydrophilic-Hydrophobic Balance of Molecular Polymer Bottlebrushes Enhances
their Tumor Homing Properties

Permalink

https://escholarship.org/uc/item/25r6nlpn

Journal
Advanced Healthcare Materials, 11(12)

ISSN
2192-2640

Authors

Ramamurthi, Parathan
Zhao, Zhongchao
Burke, Eamonn

Publication Date
2022-06-01

DOI
10.1002/adhm.202200163

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/25r6n1pn
https://escholarship.org/uc/item/25r6n1pn#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.

-, HHS Public Access
«

Published in final edited form as:
Adv Healthc Mater. 2022 June ; 11(12): e2200163. doi:10.1002/adhm.202200163.

Tuning the Hydrophilic — Hydrophobic Balance of Molecular
Polymer Bottlebrushes Enhances their Tumor Homing
Properties

Parathan Ramamurthi®,
Key Centre for Polymers and Colloids, School of Chemistry, The University of Sydney, NSW 2006,
Australia

Zhongchao Zhao?,
Department of NanoEngineering, Center for Nano-ImmunoEngineering, University of California, San
Diego, 9500 Gilman Dr., La Jolla, California 92039, United States

Eamonn Burke,
Key Centre for Polymers and Colloids, School of Chemistry, The University of Sydney, NSW 2006,
Australia

Nicole. F. Steinmetz,

Department of NanoEngineering, Department of Bioengineering, Department of Radiology, Center
for Nano-ImmunoEngineering, Moores Cancer Center, Institute for Materials Discovery and Design,
University of California, San Diego, 9500 Gilman Dr., La Jolla, California 92039, United States

Markus Mullner
Key Centre for Polymers and Colloids, School of Chemistry, The University of Sydney, NSW 2006,

Australia

The University of Sydney Nano Institute (Sydney Nano), The University of Sydney, NSW 2006,
Australia

Abstract

Nanoparticle (NP)-based drug delivery systems are promising in anti-cancer therapy, capable of
delivering cargo with superior selectivity and achieving enhanced tumor accumulation compared
to small-molecule therapeutics. As more efforts are being devoted to NP development, molecular
polymer bottlebrushes (MPBSs) have gained attention as a potential drug delivery vehicle. To date,
the influence of various MPB parameters such as size, shape, and surface charge in determining
tumor penetrability have been systematically probed. However, the role of amphiphilicity,
specifically the hydrophilic-hydrophobic balance, remains unexplored. In this study, a series of
MPBs are employed with varied hydrophobicity levels to reveal a dependence between MPB
composition, cell association and tumor homing. The data indicates that increasing levels of
hydrophobicity in MPBs (to a certain level) demonstrate only marginal effects /n vitro but reveals
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enhanced tumor homing in a mouse model of ovarian cancer /n vivo, where more hydrophilic
MPBs exhibit low tissue deposition and low tumor homing. In contrast, more hydrophobic MPBs
show significant tumor accumulation and homing due to their engineered hydrophobicity.
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The influence of amphiphilicity on nanoparticle association with in vitro and in vivo tumor

models is investigated, using a series of modular molecular polymer bottlebrushes with differing
hydrophilic-hydrophobic balance as the nanoparticle platform of choice. The results demonstrate
the role that greater nanoparticle hydrophobicity plays in improving tumor homing and retention.
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1. Introduction

The concept of drug delivery to tumors aided by engineered nanoparticles (NPs) remains

an active research area in nanomedicine. The motivation in using NPs for drug delivery
derives from the added benefits they confer on the /n vivo performance of their encapsulated
drug load, including increased solubility and circulation times, protection from premature
degradation and clearance, controlled drug release profiles and improved bioavailability.[]
Many of these benefits can be ascribed to the plethora of NP synthetic and functionalization
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techniques now available, which has led to a multitude of NP designs being reported as
potential tumor-infiltrating agents.[2] While the development pipeline continues to grow,
nanoparticles must be carefully engineered to overcome the various biological barriers to
reach their target site in vivo.[3] For example, for tumor homing applications, a remodeled
extracellular matrix, heterogenous cell populations, oxygen and pH gradients and high
interstitial fluid pressure can hinder access of these NPs into the tumor tissue. Indeed

data indicates marginal improvements of tumor penetration levels of many NPs compared
to free small molecules.[4] In response to these challenges, there has been a growing
awareness within the nanomedicine field of the contributions of certain NP physicochemical
properties on their transport and accumulation within tumors and biological systems. Hence
optimization of physicochemical parameters of NPs is paramount to achieve sufficient
accumulation levels and depth and deliver a therapeutically effective dose. Several key
parameters such as size,®! aspect ratio,[6] surface charge/chemistry,[7] and stiffnesslé!

have all been implicated in dictating the biodistribution patterns of nanomaterials, their
cellular interactions and their ease of tumor penetration. By contrast, amphiphilicity (or

the hydrophobic-hydrophilic balance) has been largely unexplored as a driver of NP
behavior in biological environments. Data indicates that an amphiphilic character can

exert a significant effect on a NP biodistribution and cellular uptake. For instance, studies
employing copolymer NPs with different hydrophobicity could be derived from varying

the ratio of N-/so-propyl acrylamide and N-zertbutyl acrylamide. The more hydrophobic
particles were found to experience increased adsorption of the serum protein albumin

onto their surfaces.[®] This finding was corroborated by Bewersdorff ef al., who likewise
observed that protein adsorption on amphiphilic polymer-based nanogels increased with
increasing surface hydrophobicity. Follow-up /n vitro experiments subsequently detected

a rise in cell uptake of the more hydrophobic nanogels, which could be attributed to the
formation of a larger protein corona.[10] Apart from modulating protein corona formation,
amphiphilicity has been implicated in regulating NP-immune system interactions, wherein
a positive trend between NP hydrophobicity and the strength of the consequent immune
response was noted 7 vitroand in vivo.l1Y] Using computer-modelled NPs with hydrophobic
and semi-hydrophilic profiles, Gu et a/. simulated and investigated their interactions with
lipid bilayer /n silico, revealing key differences in the deformation patterns on the membrane
depending on amphiphilicity.[121 Molecular dynamic simulations also revealed that varying
the ratio of NP surface hydrophobicity to hydrophilicity affects the permeation behavior of
NPs through membranes.[13] However, few studies that have methodically examined how
tumor penetration and accumulation by NPs can be mediated by tuning their amphiphilicity
via the hydrophilic-hydrophobic balance.

In that context, polymeric NPs based on molecular polymer bottlebrushes (MPBs) offer a
synthetic platform that allow for customizing physicochemical parameters independently,
and owing their modular synthesis and functionalization, they have been attracting increased
attention as future drug-delivery carriers.l4] This branched macromolecule is produced
from a single polymeric ‘backbone’ densely grafted with numerous polymer ‘sidechains’.
Because of the close proximity of sidechains, the backbone is forced out of its coiled
conformation to prevent sidechain entanglement, leading to an extended backbone. As
covalently linked constructs, they possess enhanced structural stability /7 vivo that enables
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their use as unimolecular carriers or as part of larger supramolecular assemblies. This
enhanced stability in combination with their high molecular weight grants supramolecular
assemblies formed from MPBs greater stability compared to their linear counterparts.[141
Furthermore, the bottom-up approach to synthesize MPBs (as with most polymeric NPs)
renders them highly suitable for screening ideal NP physicochemical parameters for
biomedical applications, since they can be fabricated to have single properties modified
without changing others.[1°]

In this study, the potential influence of amphiphilicity was investigated in terms of NP
accumulation and penetration into tumors and cancer cells, using MPBs as the NP platform.
Briefly, a series of amphiphilic MPBs were produced from a poly(2-(2-bromoisobutyryloxy)
ethyl methacrylate (PBIEM) backbone. Using reversible deactivation radical polymerization
(RDRP) in a grafting from approach, the MPBs sidechains were then polymerized
consisting of poly(ethylene glycol) methyl ether methacrylate (PEGMA, M, =300 g
mol~1), di(ethylene glycol) methyl ether methacrylate (DEGMA) and glycidyl methacrylate
(GMA). Through systematically varying the feed ratio of the hydrophobic DEGMA and
hydrophilic PEGMA monomers in the reaction feedstock, a series of amphiphilic MPBs
were produced with similar sizes, surface charges and shapes, but variable hydrophobicity
levels. Hence, the resultant polymeric NPs provided a reliable foundation to analyze the
effect of increasing hydrophobicity independently of other parameters. These MPBs were
subsequently incubated with 2D cancer cell monolayers along with more physiologically
complex 3D multicellular tumor spheroids models to study their cellular uptake via confocal
microscopy. Finally, the MPBs were further analyzed in vivo using a tumor xenograft model.

2. Results and Discussion

2.1. Synthesis and Characterization of Amphiphilic Molecular Polymer bottlebrushes

In this study, four MPBs with different hydrophobicity levels were obtained from a
common PBIEM backbone with a degree of polymerization (DP) of 50. After backbone
preparation and post-modification, a “grafting-from” approach was employed via atom
transfer radical polymerization (ATRP) to form random statistical sidechains composed of
PEGMA, DEGMA and GMA (Scheme 1, Scheme S1).

We were able to exert control over the amphiphilicity of each MPB by adjusting the
PEGMA/DEGMA ratio in the reaction feedstock, which produced four well-defined and
comparable MPBs bearing distinct hydrophilic-hydrophobic balances. The MPBs are herein
referred to as D0% (no DEGMA incorporated), D20% (20 mol% DEGMA), D40% (40
mol% DEGMA) and D60% (60 mol% DEGMA) (Table 1). Concurrently, a small fraction
of GMA was copolymerized at a constant molar percentage of 5% to provide a handle

for fluorophore labelling (Scheme 1). Sidechain and backbone monomer conversions were
calculated via 1H NMR spectroscopy. Due to the bulky nature of the oligo(ethylene
glycol) methacrylate, sidechain lengths were calculated using a 50% grafting efficiency.
This grafting efficiency value has been experimentally reported for similar MPB systems
using bulky monomers, such as PEGMA.[16] By only varying the molar ratio of PEGMA
and DEGMA, and due to the similar reactivities of the methacrylate-based monomers, all
MPBs of the series were obtained with similar sidechain DPs (Table 1), ensuring good
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comparability. The presence of GMA was also still detectable using NMR spectroscopy
(Figure 1a). Size exclusion chromatography (SEC) was additionally used to determine the
molecular weight distribution (MWD), as shown in Figure 1C). The SEC chromatograms
confirmed the monomodal MWDs and high molecular weights of the four MPBs, albeit
with the appearance of shoulders in the D40% and D60% chromatograms indicating minor
intermolecular (brush-to-brush) coupling. All MPBs exhibited similar retention times in
SEC, confirming their comparable hydrodynamic volumes. The apparent MWggc was
smaller than the calculated MW g because the chemical composition and architecture of
the MPBs do not match the linear PMMA calibration standards. The MPB architecture also
compacts the overall hydrodynamic volume leading to a shorter elution time (i.e., smaller
MW) in SEC. Echoing the SEC findings, dynamic light scattering (DLS) analysis revealed
that all MPBs possessed main populations with comparable hydrodynamic diameters (Dp)
in phosphate buffered saline (PBS x 1) (Figure 1B). Measured Z-average Dy values included
40 nm (D0%), 46 nm (D20%), 41 nm (D40%) and 40 nm (D60%), and the smooth
correlation functions for the samples supports the near-spherical morphologies adopted by
the MPBs in solution (Figure S2). The obtained DLS size distributions for D20%, D40% and
D60% indicate the presence of few larger aggregates. It should be noted that larger particle
scatter disproportionally more and hence their appearance in the intensity-weighted plot is
negligible. Finally, the Zeta potentials of the set of amphiphilic brushes was comparable
around —0.02-0.04 mV, which attested charge neutral surface properties.

Next, to gain insights into the varied hydrophilic-hydrophobic balance of our MPBs, we
used DLS to determine the cloud point temperature (Tcp) of each MPB by incrementally
increasing the temperature of the solution to measure the resultant change in Dy (Figure
2). Dy was previously shown to be a suitable parameter to gauge a varying hydrophilic to
hydrophobic monomer ratio, as more hydrophobic macromolecules experience dehydration
and intermolecular aggregation at lower temperatures.[1] In our case, the temperature

at which significant aggregation was observed was noted as the T¢p. In line with
expectations, the Tcp across the MPB series decreased as the percentage of incorporated
DEGMA increased; from 55 °C (D0%), 49 °C (D20%), 39 °C (D40%) to 35 °C (D60%).
Additionally, using a complementary measurement, this trend was repeated when the
temperature-dependent optical transmittance of the MPB solutions were monitored by UV-
Vis spectroscopy (Figure S3).

2.2. In Vitro and In Vivo Evaluation of MPBs Association with Cancer cells and Tumors

To facilitate live imaging and monitoring of the MPBs during /n vitroand in vivo
experiments via confocal microscopy and live and ex vivo animal/tissue imaging, the MPBs
were subsequently functionalized with an azido group via a ring-opening reaction of GMA.
Analysis of the functionalized brushes with TH-NMR spectroscopy showed no discernible
signals which formerly belonged to the GMA epoxide group (Figure S4-1), which was
taken to mean the GMA units had been successfully converted. The introduction of azido
groups was also verified by infrared spectroscopy wherein a new signal denoting an azide
stretch was detected in the spectrum of the modified MPBs (Figure S4-2, ca. 2100 cm™1).
A copper-catalysed azide-alkyne cycloaddition (CUAAC) reaction was then used to “click’
an ATTO 633- or Cy5-alkyne fluorophore to the MPBs.[24d.h] The extent of fluorophore
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labelling was in agreement with our targeted click ratio (approximately 1 dye molecule per
MPB to not alter MPB surface properties) and confirmed qualitatively and quantitively via
UV-Vis spectroscopy (Figure S5).

After establishing the comparability of the MPBs in terms of size and shape, the effect of
NP hydrophilic-hydrophobic balance on cancer cell interaction and uptake was investigated
in vitro using confocal laser scanning microscopy (CLSM). First, DLD-1 cell monolayers
were cultured with the MPBs (c = 0.2 mg mL~1 in PBS) at 37 °C for 24 h, then

washed and imaged with CLSM (Figure 3). We observed significant association of MPBs
with the cancer cells in the case of D0%, D20% and D40% judging from the high
fluorescence intensity exhibited by these samples. Quantifying the red fluorescence using
ImageJ, and by normalizing to D0%, the fluorescence associated with the cells increased
1.24-fold for D20% and 1.77-fold for D40% (Figure S6). This suggested that with
progressively increasing DEGMA content (ie. Hydrophobicity levels), the MPBs increased
their association with the cells. However, D60% fluorescence was only half as much as D0%
(0.51-fold decrease), indicating reduced associated upon a certain degree of hydrophobicity.

Judging from the CLSM images (Figure 3), D60% showed no widespread cell association,
but only a few very bright spots. The most likely explanation can be linked to the
thermoresponsive behavior of the MPBs. At 37 °C, we anticipate that D60% would have
completely collapsed and formed larger intermolecular aggregates, given its measured Tcp
value is 35 °C. Thus, it is likely that the sufficiently large MPB aggregates (in excess of
5000 nm, see Figure 2) would prove too cumbersome to be sufficiently internalized by the
cells, leading to low uptake and association. Therefore, D60% should be considered as an
extreme case in which the T¢p is just below the temperature of incubation. On the other
hand, in the case of D40%, the T¢p is also close to the incubation temperature (39 °C vs
37 °C respectively), but the MPB in this case is not (fully) collapsed and therefore did not
aggregate in solution. There may however already be a possible onset of partial dehydration
and collapse of its sidechains at a temperature that close to the Tcp. DLS of the brushes

in complete media (e.g., in the presence of fetal bovine serum, FBS) did not reveal any
unexpected protein-induced aggregation at 37 °C (Figure S7).

The noticeable trend in the association assay with DLD-1 cells may be further explained

by several theories that propose to explain this behavior. These theories have their basis

in the important phase transition that certain polymers experience upon dehydration at
higher temperatures, wherein the hydrogen bonds responsible for solubilizing the polymers
in water are disrupted, causing inter- and intra-molecular hydrogen bonding to overcome
and the polymer chains to collapse. The enhanced surface hydrophobicity has been posited
to influence subsequent cell interactions via a few mechanisms, one of which is the
increased non-specific adsorption of certain serum proteins that might promote non-specific
phagocytic uptake. In their study using functionalized gold NPs, Salmaso et a/. detected a
significant increase in NP uptake when NPs were incubated above their T¢p.[*8] In a similar
vein, Kurzhals et al. detected an inverse correlation between cellular internalization and the
Tcp of their SPION particles when functionalized with copolymers of 2-isopropyloxazoline
(IPOx) and 2-ethyloxazoline (EtOx).[*9] Using studies with HeLa cells, lower LCST values
led to increased cellular uptake. Contrary to Salmaso et a/. however, the trend between
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LCST and cell internalization was correlated to decreased hydration and consequently the
formation of large, colloidally stable aggregates that might facilitate cell uptake. This falls
in line with the general trend that larger particles (within certain limits) are much easier
internalized than their smaller counterparts. Nonetheless, the explanations put forward in
the literature so far do not adequately reconcile our /n vitro findings. Therefore, more
investigations need to be taken into the specific character of the MPBs in serum, as their
interactions with surrounding proteins and ions may partly dictate their cellular interactions.

In a transition from 2D cell monolayers, the /n vitro experiments were repeated with
multicellular tumor spheroids (MCTSs) (Figure 4). Spheroids have increasingly been used
in preclinical evaluations of anticancer nanomedicines since they embody the physiological
complexities of /n vivo tumor tissue more accurately than simple 2D tumor cell monolayers.
Much like tumors observed /n vivo, sufficiently large MCTSs also exhibit layered cell
populations due to heterogenous distribution of oxygen, nutrients and metabolic waste, with
proliferative, healthy cells at the outer cell layers and necrotic cells residing in the tumor
core.

To streamline analysis of MPB penetration into the MCTS, fluorescence images were
captured at three equidistant depths (25, 50 and 75 pum; Figure 4, A1/2/3-D1/2/3). The
optical resolution of the microscope compromised image resolution beyond 150 um above
the objective. However, there are noticeable differences in the apparent phantom tumor
tissue penetration between the four MPBs. Most of the MPBs apart from D60% showed
appreciable association at depths up to 50 um. From the observed fluorescence intensity,
the extent of penetration for D0%, D20% and D40% is not limited to the periphery of

the tumor but the inner regions as well. However, at 75 um the three MPBs seem to be
hindered from associating deeper towards the core. In contrast, D60% showed negligible
association even at 25 um, a trend that we believe is due to similar reasons for the

limited D60% uptake observed in the 2D monolayers (i.e., formation of large aggregates
unfavorable to tissue translocation and cellular internalization). Considering the sum of all
red fluorescence across each sample, and by normalizing to D60%, the three MPBs that

are not affected by the T¢p at the incubation temperature showed higher association, D0%
(3.4-fold), D20% (2.1-fold) and D40% (4.5-fold) (see Supporting Information S6). To what
extend the hydrophilic-hydrophobic balance affects spheroid penetration is subject of further
investigation.

Next, we assessed the properties of the MPBs /n vivoto better understand how the MPBs’
hydrophilic-hydrophobic balance would impact their biodistribution and tumor homing
properties. PEG-based MPBs had previously shown to exhibit long-circulating behavior /n
vivo.114d. 14m, 14Kl For these studies, azido-modified MPBs were fluorescently labelled with
Cy5 (Figure S5-1) to enable in vivo tracking using the 1VVIS imaging system. For the tumor
xenograft model, we used nude mice with subcutaneous A2780 ovarian cancer cells; tumors
were allowed to reach 200-300 mm?3 (~11 days post tumor challenge). Then Cy5-labeled
MPBs were administered intravenously (500 ug MPBs in 125 uL PBS), and tumor-bearing
mice were imaged at 9 h, 24 h, and 48 h post MPB administration to monitor circulation
and tissue deposition. Mice receiving the D0% MPB formulation showed minimal Cy5
fluorescence at any time point studies. In contrast, mice receiving the D20% and D40%

Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.
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MPB formulations showed increased Cy5 fluorescence at 9 h to 48 h post treatment. Diffuse
fluorescence signals are observed which indicates that the MPBs remain in circulation
with minimal organ clearance. The D60% formulation had distinct biodistribution with
predominant Cy5 fluorescence accumulated in the spleen (Figure 5A and Figure S8A).

To further quantify biodistribution, organs and tumors were collected and imaged ex vivoat
24 h and 48 h post MPBs administration (Figure 5B and 5C, Figure S8B and S8C, Figure
S9, and Figure S10). Tissues were also homogenized, and a plate reader assay was used

to quantify the Cy5 fluorescence in each tissue; by use of a standard curve (Figure S12A),
the amount of MPBs per tissue was determined. Data indicates less tissue deposition of the
D0% formulation vs. any other formulation — future pharmacology studies are needed to
detail the differences of the D0% formulation. D0%, D20%, and D40% showed the expected
clearance through liver and spleen with accumulation slighter higher in the liver vs. spleen
(1.3 to 1.5 fold, Table 3); in stark contrast D60% showed exceptional high uptake in spleen
vs liver (37 fold at 24 h, 23 fold at 48 h) (Figure 5B, Figure 6A and 6D, Figure S8C and
Figure S9B, Table 3). Despite the dramatic difference for D60%, all MPBs were sequestered
in spleen and liver (which are key components of the MPS system), indicating a dominantly
macrophage-mediated clearance mechanism.[2%] This tendency has been noticeably detected
in our previous studies looking at biodistribution of MPBs with different aspect ratios and
sizes.[14d. 21] However, the uptake of D60% MPB by spleen at 48 h was extremely high
with 1,327 ng MPBs per mg spleen compared to D20% (21.2 ng mg™1) and D40% (31.7 ng
mg~1) (Table 3). One explanation for this result could be that D60% having a heightened
aggregation above its Tcp (35 °C), which is lower than the body temperature for mice at
36.6 °C, 40 whereas the other three MPB will remain stable with a size of approximately 40
nm. NPs with size ranges of 10 nm to 200 nm are typically cleared by Kupffer cells in the
liver and marginal zone (MZ) macrophages in the spleen.[22] As nanoparticle size increases,
uptake may be increased in the spleen vs. liver.[22] In particular, when NPs are larger than
200 nm they become too large to cross the endothelial slit of splenic sinuses and instead

are filtered and retained in the red pulp of the spleen where the materials are eventually
cleared by red-pulp resident macrophages.[23] Therefore, we attribute the splenic clearance
and deposition of the D60% formulation as a result of aggregation.

Next, we analyzed tumor homing. IVIS imaging of tumors at 24 h and 48 h showed Cy5
fluorescence for mice injected with D0%, D20%, and D40% MPBs (Figure 5C and Figure
S9C); this was further correlated to quantitative biodistribution analysis using the plate
reader assay (Figure S12). At 48 h, D20% and D40% MPBs were accumulated 2-3 fold
higher than D0% MPBs as the mass of MPBs (in ng) per mass of tumor (in mg) (Figure

6B and 6E, Table 2). There was no apparent tumor homing for the D60% formulation (see
also discussion above). The general result is in accordance with the relative absence of D0%
in the liver and spleen as discussed previously and explains the very low levels of D60%

in the tumors due to its quick clearance by spleen. Comparing the MPB accumulation at

24 h to 48 h, both D20% and D40% showed increase accumulation from ~6 to ~8 ng/mg,
whereas D0% showed decreased accumulation and D60% remained the same throughout the
incubation period (Figure 6C and 6F, Table 2).
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NPs can accumulate in tumors through passive targeting due to enhanced permeability
and retention (EPR) effect,[24] and the physical properties of NPs, e.g. size, shape, surface
properties, can affect the efficacy in tumor homing.[>-8] Tumor homing of the four MPB
may also be correlated with the varying degree of hydrophobicity. From D0% to D60%,
MPB have increased hydrophobicity due to their composition. While in vitro studies clearly
indicate that D0% particles are taken up by cancer cells and in 2D and 3D culture (Figure
3); in vivo studies indicate low tissue deposition and low tumor homing. The in vitro and
in vivo profiles of the more hydrophobic formulations, D20% and D40%, suggest that a
certain degree of hydrophobicity may be beneficial for nanomedical formulations — the
D20% and D40% remained stable in vivo with favorable tumor deposition. Even though
the obtained results correspond well with our observations of the MPBs interactions with
in vitro models, the in vivo trend of MPB hydrophobicity vs tumor accumulation suggests
that while hydrophilicity favors initial tumor uptake of the MPBs, a partially hydrophobic
character is required for longer-term retention within tumor tissue.

3. Conclusion

This study has exploited the modular nature of MPB synthesis to fashion NPs with differing
hydrophilic/hydrophobic character, thereby demonstrating their suitability as platforms that
are able to orthogonally screen the biological effects of their physicochemical properties.
Preliminary investigations into the NPs interactions with cancer cells models /in vitro suggest
that uptake is favored to a certain extent by particle hydrophilicity, with further work
currently underway to clarify the uptake mechanism. Compelled by these observations, the
biodistribution and tumor accumulation behavior of the MPBs were then studied /n vivo
using mice models. Despite the dominant sequestration of the particles in the renal and

MPS clearance organs, significant differences were seen as a function of hydrophobicity
wherein D60% exceeded the other MPBs in MPS organ uptake. The influence of increasing
hydrophobicity also extended to penetration and retention within the mice tumors. Here,

the least hydrophobic D0% showed inconsistent accumulation in tumor over time, whereas
the more hydrophobic D20% and D40% showed increasing tumor deposition from 24 h to
48 h. Considering these results, appropriate future NP designs need to be tailored to have

an appropriate hydrophobic-hydrophilic balance, not only to optimize early penetration into
tumor but to also maintain adequate levels over time. Overall, the evaluations conducted into
NP amphiphilicity conducted in this work implicate the hydrophilic-hydrophobic balance as
a potential handle for control over NP-biological interactions.

4. Experimental Section/Methods

Materials:

Di(ethylene glycol) methyl ether methacrylate (DEGMA, 95%), poly(ethylene

glycol) methyl ether methacrylate (PEGMA, 95%, M,, = 300 g mol™1), glycidyl
methacrylate (GMA, 95%), 2-hydroxyethyl methacrylate (HEMA, 95%), 4-cyano-4-
(thiobenzoylthio)pentanoic acid (CTBPA, 98 %) a-bromoisobutyryl bromide (a-BiBB,

98 %), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), atto633 alkyne (in
DMSO, 1 mg mL™1), Cy5 alkyne (95%, in DMSO, 1 mg mL™1) and phosphate buffered
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saline (PBS) tablets were purchased from Merck (Sigma Aldrich, Australia). 4,4’-azobis(4-
cyanovaleric acid) (Vgg1, pure solid, Alfa Aesar), copper(l) chloride (CuCl, ACS grade,
Merck), ammonium chloride (NH4CI, pure solid, Merck), sodium azide (NaNs, pure solid,
Ajax), copper(ll) sulfate pentahydrate (CuSO,4.5H,0, pure solid, Ajax), anisole (= 99 %,
Merck), N,N*-dimethylformamide (DMF, = 99 %, Ajax) and ethanol (= 99 %, Merck) were
obtained as stated and used as received. PEGMA, DEGMA, GMA and HEMA were passed
through a short silica column to remove inhibitors. Copper(l) chloride was purified by
washing with glacial acetic acid, diethyl ether and ethanol. Dulbecco’s Modified Eagle’s
Medium (with and without phenol red), Dulbecco’s phosphate buffered saline (DPBS,

no calcium or magnesium) and antibiotic-antimycotic solution containing penicillin and
streptomycin (100 x) were purchased from Sigma Aldrich and ThermoFisher Scientific.
RPMI 1640 media with L-glutamine were purchased from Corning. Fetal bovine serum
(FBS) was purchased from R&D Systems. Trypsin-EDTA solution (0.5 %, no phenol red)
were purchased from Life Technologies. DLD-1 cells were sourced from Prof. Elizabeth
New’s research group at the School of Chemistry, University of Sydney. A2780 ovarian
tumor cells were purchased from ATCC. Female NCR nu/nu mice were purchased from
In-House Breeding Colony of UCSD. High concentration Matrigel Membrane Matrix was
purchased from Corning.

IH-NMR Spectroscopy:

Analyses were carried out on a Bruker Avance 300 spectrometer set at 300 MHz and 300 K.
Samples were prepared in either deuterated chloroform or methanol.

Size exclusion chromatography (SEC):

SEC analyses were performed using a UFLC Shimadzu Prominence SEC system equipped
with Phenogel™ columns (5 pm, 10% A and 105 A). Dimethylacetamide (DMAC) containing
butylhydroxytoluene (BHT, 0.05 % w/w) and LiBr (0.03 % w/w) was used as the eluent at a
flow rate of 1 ml min~1 at 50 °C. SEC samples were prepared by dissolution in DMAc and
were passed through a 0.22 pum syringe filter (nylon) before injection. Apparent molecular
weights were derived from calibration with near monodisperse poly(methyl methacrylate)
(PMMA) samples.

Fluorescence spectroscopy:

Measurements were performed using an Agilent Technologies Cary Eclipse Fluorescence
Spectrophotometer. An excitation and emission slit size of 5 nm was used with an excitation
wavelength of 630 nm and 650 nm for Atto633-labelled and Cy5-labelled MPB solutions
respectively. Samples were analyzed at a concentration of 0.2 mg mL~1 in a quartz
microcuvette.

Infrared spectroscopy was carried out on a Perkin EImer Spectrum Two FTIR spectrometer
using samples dried from acetone.

Dynamic light scattering (DLS) analyses was performed on a Malvern Zetasizer Nano ZS
equipped with a He-Ne 633 nm laser. DLS was used to measure the hydrodynamic diameters
and cloud point temperatures (T¢p) of each MPB dispersed in PBSx1 (0.5 mg mL™1). Tcp
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measurements were obtained by measuring the Z-average hydrodynamic diameter at 2 °C
increments from 25 °C to 67 °C with MPB solutions in PBSx1 (0.5 mg mL™1).

Zeta potential was measured on a Malvern Zetasizer Nano ZS using MPB samples dispersed
in PBS (2 mg mL™1),

Synthesis of PHEMA:

HEMA (460 mg, 3.6 mmol), CTBPA (10 mg, 0.036 mmol) and Vg (2.5 mg, 9.0 mmol)
were dissolved in DMF (1.5 mL) before undergoing three cycles of freeze-pump-thaw. The
mixture was polymerized at 70 °C for 6 h before quenching v7a cooling and opening to air.
The final product was purified by precipitating in diethyl ether and dissolving in DMF twice.
Afterwards, the polymer was dissolved in a 2:1 mixture of dioxane and water before it was
freeze-dried. Monomer conversion was calculated from H NMR spectroscopy based on the
relative reduction of the vinyl proton signals (ca. 5.5 — 6.5 ppm) from the reaction mixture
before and after polymerization.

Synthesis of PBIEM:

PHEMA (170 mg, 1.26 mmol equiv. of hydroxyl groups) was dissolved in anhydrous
pyridine (10 mL, dried over molecular sieves overnight) over ice. a-BiBB (870 mg, 4.8
mmol) was added dropwise to the solution, after which the solution was stirred overnight

at room temperature. For purification, the polymer was precipitated into MilliQ water,
redissolved in THF and precipitated again into MilliQ water. The polymer was subsequently
dissolved in dioxane for freeze-drying. See Supporting Information S1 for 1H NMR
characterizations.

Sidechain grafting from PBIEM:

In a typical procedure used to make the four MPBs used in this study, PBIEM (5 mg,

0.018 mmol equiv. of Br), GMA (25 mg, 0.18 mmol) HMTETA (9.6 pL, 0.018 mmol), and
varying amounts of PEGMA and DEGMA were dissolved in anisole (5 mL). The mixture
was degassed by three cycles of freeze-pump-thaw. Before the third freeze cycle, copper(l)
chloride (1.8 mg, 0.018 mmol) was added to the mixture and the cycle was continued. The
mixture was reacted at 65 °C for 18 h before quenching via cooling and exposure to air.
Copper was removed by passing the mixture through a silica column. The product was
partly purified by two cycles of precipitation and redissolving in cold hexane and anisole
respectively. Lastly, the polymer brushes were dissolved in acetone and dialyzed (MWCO =
14 kDa) into acetone for storage. The DP of the sidechains was calculated from conversion
as measured by 1H NMR, based on the relative reduction of the vinyl proton signals (ca.

5.5 - 6.5 ppm) in reaction feedstock samples before and after polymerization (taking into
account a grafting efficiecy of 50 %). For the syntheses of the remaining MPBs, the protocol
was followed with no changes except for the molar percentage of PEGMA and DEGMA
fed into the reactions, (Table 3). The MPBs were denoted according to the molar percentage
of the more hydrophobic DEGMA in their sidechains, ranging from the most hydrophilic
D0% (0 DEGMA, 95% PEGMA), D20% (20% DEGMA, 75% PEGMA, 5% GMA), D40%
(40% DEGMA, 55% PEGMA, 5% GMA) and finally the most hydrophobic member D60%
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(60% DEGMA, 35% PEGMA, 5% GMA). The overall monomer conversions for each brush
system were 38%, 40%, 40%, and 41%, respectively.

Fluorophore labelling of MPBs:

PBIEM-g-P(PEGMA-co-DEGMA-co-GMA) (40 mg, 1.4 x 1078 mmol equiv. of GMA),
sodium azide (10 mg, 0.15 mmol) and ammonium chloride (10 mg, 0.15 mmol) were
dissolved in DMF (3 mL) and stirred overnight at 50 °C. The MPBs were then dialyzed
once into a 1:1 acetone and methanol mixture, before being dialyzed again into neat acetone
(MWCO = 3 kDa). PBIEM-g-P(PEGMA-co-DEGMA-co-GMA ige) (35 mg, 7.9 x 1075
mmol), ATTO633 alkyne / Cy5 alkyne (20 pL, 1 mg mL~1 in DMSO0), ascorbic acid (10 mg,
0.057 mmol) and CuSO,45H,0 (10 mg, 0.04 mmol) was dissolved in a mixture of water

(2 mL) and methanol (1 mL). The solution was stirred in darkness at room temperature
overnight. The mixture was dialyzed twice into acetone, then once into Milli-Q water
(MWCO = 4 kDa). The labeled MPBs were subsequently stored in darkness to avoid
photo-bleaching.

DLD-1 monolayer and multicellular tumor spheroids (MCTS) culturing/uptake assay:

Cell Culture

DLD-1 colon cancer cell lines were grown in complete Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % (v/v) fetal bovine serum (FBS), 1 % (v/v) penicillin/
streptomycin and 1 % L-glutamine at 37 °C and 5 % CO,. Cells were sub-cultured at regular
3-day intervals with trypsin-EDTA. DLD-1 monolayers were cultured by pipetting 5 x 104
cells each into 35 mm p-dishes (purchased from DKSH Holding AG) and incubating at

37 °Cand 5 % CO, in complete DMEM supplemented with 2 % (v/v) FBS for 144 h.
Afterwards, old growth media was carefully aspirated, washed with DPBS and replaced with
DMEM-FBS solutions containing the MPBs (0.2 mg mL™1, 2 mL total) and left to incubate
for another 24 h. The samples were prepared for microscopic analysis by carefully draining
the MPB-containing growth media, washing the monolayers twice with PBSx1, and adding
2 mL of DMEM (10 % (v/v) FBS, no phenol red). ATTO633 intensity measurements of

cell monolayers are presented as means £ SEM (n = 3). Fluorescence intensity analysis

was performed in ImageJ. DLD-1 MCTSs were formed by pipetting 104 cells each in
Corning Costar Ultra-Low Attachment 96-well plate (n = 4 wells per sample) and incubating
for 72 h. For the uptake assay, MCTSs had their old media removed and replaced with
DMEM-FBS solutions containing the MPBs (0.5 mg mL~2, 200 pL per well) and left to
incubate for another 24 h. After dosing and incubation, the spheroids had their old media
carefully removed and were washed with DPBS twice to remove any unbound MPBs. Each
spheroid was then transferred to 35 mm p-dishes containing DPBS (1 mL) for imaging.

and Tumor inoculation:

A2780 ovarian tumor cells (ATCC) were cultured in RPMI media (Corning) with 10%
(v/v) fetal bovine serum (FBS) (R&D Systems) and 1% (v/v) penicillin-streptomycin
(ThermoFisher Scientific) and maintained at 37 °C with 5% CO». All mice studies were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University
of California, San Diego (UCSD). 6-8 weeks old female NCR nu/nu mice were purchased
from In-House Breeding Colony of UCSD. Only female mice were considered because
ovarian tumors were chosen as a mouse model. All mice were placed on Teklad 10 protein
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rodent diet (Envigo) for at least 10 days prior to any imaging procedures to minimize
autofluorescence. 2 x 108 A2780 cells were suspended in 100 pL of culture media and
Matrigel (Corning) at a 1:1 ratio and subcutaneously injected into the right flank of each
mouse for tumor inoculation. All tumors were established and monitored closely till 11 days
post inoculation, when all tumors reached 200-300 mm3 in volume using the formula:

Biodistribution of injected MPBs:

On day 11 post tumor inoculation, when tumors reached 200-300 mm3, 500 pg Cy5-labelled
MPBs (D0%, D20%, D40% and D60%) in 125 puL PBS were intravenously injected with
n=4 mice per group and one PBS control group. Two studies were conducted: a 24 h study,
where all mice were imaged at 9 h and 24 h post administration of the MPBs or PBS using
an 1VIS 200 system (Xenogen); then mice were sacrificed, and organs and tumors collected
for further analysis.

A 48-h study was carried out, where mice were imaged at 9 h, 24 h and 48 h post
administration of the MPBs or PBS; then mice were sacrificed, and organs and tumors
collected for further analysis. Organs (brain, heart, lung, spleen, kidney, and liver) and
tumors were collected and imaged using the same setting for whole animal imaging.

All images were processed analyzed using the Living Image v2.5 software (Xenogen),
and Cy5 fluorescence intensity of each organ was quantified. As a secondary method

for quantification of the fluorescence signals from the MPBs, tissues were weighted

and homogenized within 1 mL PBS using a Cole-Parmer LabGEN 125 homogenizer.
Homogenized samples were centrifuged at 8000 g for 5 min, and the tissue supernatant
were collected to measure the Cy5 fluorescence using a Tecan Infinite M200 plate reader
(excitation: 633 nm; emission: 665 nm; gain: 150); this experiment was done with n=2
samples from each experimental group. Amount of MPBs per tissue were calculated based
on a standard curve using brushes of known concentration (Figure S11).

Statistical analysis:

Data are presented as means = SEM (n = 4). One-way analysis of variance (ANOVA) with
Tukey’s multiple comparison tests were used compare different groups (* p <0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001). All statistical tests were performed using GraphPad
Prism v8.0 (GraphPad Software).

Ethical Statement.

All animal experiments were carried out in accordance with the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of the University of California
San Diego (UCSD) and approved by the Animal Ethics Committee of UCSD. We used 6-8
weeks old female NCR nu/nu mice from In-House Breeding Colony of UCSD and all mice
were housed at the UCSD Moores Cancer Center with unlimited food and water.
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Figure 1.

Retention time (min)

(A) IH-NMR spectrum of D20% in CDCl5 taken as a representative spectrum of all MPBs.
(B) Light intensity-weighted hydrodynamic size distributions of the four MPBs and (C) SEC
chromatograms obtained in DMAc (50 °C and 1 mL min~1); D0% (black), D20% (red),

D40% (blue) and D60% (green).
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Figure 2.

Indirect measurement of MPB hydrophilic-hydrophobic balance using cloud point
temperatures obtained from DLS heating curves and the effect of temperature on the Z-
average Dy for D0% (black), D20% (red), D40% (blue) and D60% (green). Measurements
were taken using 0.5 mg/mL MPB samples made in PBS.
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Figure 3.
CLSM images of DLD-1 cancer cell monolayers after 24 h incubation with with A) no

MPBs (negative control), B) D0%, C) D20%, D) D40%, and E) D60%. Fluorescence
channels are divided into series consisting of fluorescence emitted by cell nuclei (A1-E1),
ATTO633-tagged MPBs (A2-E2) and both nuclei and MPBs merged (A3-E3). Scale bars =
50 pm.
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Figure 4.
CLSM images of DLD-1 multicellular cancer cell spheroids after 24h incubation

showecasing different penetration levels of D0% (A), D20% (B), D40% (C) and D60%
(D) at different depths within the tumor (red fluorescence, columns 1 — 3). Sum images of
z-stacks from 0 — 75 um were obtained to give an overall indication of each MPBs tumor
penetration efficiency (A4-D4). Brightfield (BF) images of each tumor spheroid were also
taken to establish spheroid viability (A5-D5). Scale bars = 100 pm.
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Figure 5.
Biodistribution of Cy5-labeled MPBs post-intravenous bolus administration using NCR

nude mice with subcutaneous A2780 tumors; imaging was performed using an IVIS 200
system (Xenogen). (A) Live animal imaging from dorsal at 9, 24, and 48 h. (B) Major
organs and tumors collected from mice at 48 h (organs at 24 hours are shown in Figure S8).
(C) Tumors from control and experimental groups at 48 h post injections. (Tumors at 24h
post injections are shown in Figure S9C).
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Figure 6.

Biodistribution of Cy5-labeled MPBs post-intravenous bolus administration in A2780
tumor-bearing NCR nude mice. Fluorescence signals of tissues at 24 h (A, B) and 48 h

(D, E) post administration were quantified by fluorescence plate reader measurement after
tissue homogenization; the amount of MPB accumulated in tumors at 24 h (C) and 48 h (F)
was calculated based on a standard curve using known amounts of MPBs. Data are means
+ SEM (n = 4), four mice each group. Statistical analysis was performed using ordinary
one-way ANOVA and Turkey’s multiple comparison test with * p <0.05, ** p < 0.01.
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Scheme 1.
MPBs bearing different hydrophobicity levels are prepared using a combination of RDRP
techniques.

Control over the hydrophilic-hydrophobic balance in MPBs is granted by methodically
varying the feedstock ratio of the hydrophilic PEGMA to the more hydrophobic DEGMA
as part of the sidechain composition. Post-polymerization, the MPBs are functionalized with
fluorophores (ATTO633 or Cy5) via a two-step process involving azidation of the GMA
epoxide groups and then a copper-catalyzed azide-alkyne cycloaddition (CUAAC).
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Sample name Sidechain composition a Sidechain DP & MV\éSEC MW Hydrodyn. Diameter ¢
a [nm]
lg lo
mol1] mol]

D0% [PEGMA44-co-GMAg] 152 358,000 1,110,000 40.0

D20% [PEGMA5¢-co-DEGMAgz,-co-GMAg] 160 318,000 1,079,000 46.1

D40% [PEGMAgg-co-DEGMAg,-co-GMAg] 160 351,000 990,000 41.0

D60% [PEGMAGs7-co-DEGMAgg-co-GMAg] 164 346,000 923,000 40.0
a)CaIcuIated by I4-NMR spectroscopy integrating double bond signals of monomers and considering a grafting efficiency of 50 % from PBIEM
backbones
b)

c)

Adv Healthc Mater. Author manuscript; available in PMC 2023 June 01.

Z-average derived DLS measurements of MPBs (0.5 mg mL_l) in PBS at 25 °C.

Apparent average molecular weight Mpy derived from DMAc SEC using monodisperse PMMA standards for calibration.
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Table 2.

MPB accumulation levels in liver, spleen, and tumor at 24 h and 48 h i’

MPB uptake [ng MPB / mg organ] D0% D20% D40% D60%

24h  48h 24h 48h 24h 48h  24h 48h

162 211 212 299 30.7 455 27.3 57.3
13.0 146 145 196 209 317 10228 1327.0
5.2 3.2 6.3 8.5 6.2 8.0 2.0 23

Quantified based on Cy5 fluorescence intensity
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Table 3.
Reaction parameters for the four MPBs detailing the specific amounts of monomers used in the initial reaction
feedstocks.
Reaction feedstock guantities
MPB PEGMA DEGMA GMA
mole [mmol] mass [mg] mole [mmol] mass[mg] mole [mmol] mass[mg]

D0% 3.34 1001 0 0 0.18 25

D20% 2.63 790 0.70 132 0.18 25

D40% 1.93 580 1.40 264 0.18 25

D60% 1.23 369 2.11 397 0.18 25
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