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Abstract

Nanoparticles must recognize, adhere to, and/or traverse multiple barriers in sequence to achieve
cytosolic drug delivery. New nanoparticles often exhibit a unique ability to cross a single barrier
(i.e. the vasculature, cell membrane, or endosomal compartment), but fail to deliver an adequate
dose to intracellular sites of action because they cannot traverse other biological barriers for which
they were not optimized. Here, we developed poly(acrylamide-co-methacrylic acid) nanogels that
were modified in a modular manner with bioactive peptides. This nanogel does not recognize
target cells or disrupt endosomal vesicles in its unmodified state, but can incorporate peptides with
molecular recognition or environmentally responsive properties. Nanogels were modified with up
to 15 wt% peptide without significantly altering their size, surface charge, or stability in aqueous
buffer. Nanogels modified with a colon cancer-targeting oligopeptide exhibited up to a 324%
enhancement in co-localization with SW-48 colon cancer cells /n vitro, while influencing nanogel
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uptake by fibroblasts and macrophages to a lesser extent. Nanogels modified with an endosome
disrupting peptide failed to retain its native endosomolytic activity, when coupled either
individually or in combination with the targeting peptide. Our results offer a proof-of-concept for
modifying synthetic nanogels with a combination of peptides that address barriers to cytosolic
delivery individually and in tandem. Our data further motivate the need to identify endosome
disrupting moieties which retain their activity within poly(acidic) networks.
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Bioactive peptides were covalently coupled to poly(acidic) nanoscale hydrogels (hanogels). Target
cell co-localization was conserved and proportional to the amount of peptide coupled.
Endosomolytic activity was lost upon peptide conjugation.
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1. InTRODUCTION:

Nanogels have been developed to deliver a variety of payloads (i.e. small molecules,
peptides, proteins, nucleic acids) across barriers at the organ (i.e. skinl, gastrointestinal
tract?) or cellular level (i.e. cell membrane3#, endosome®6). Nanogels (i.e. water-swollen,
crosslinked, polymeric networks) are particularly attractive for these drug delivery
applications because they can be designed for stability in physiological fluid, active/passive
targeting capability, and responsiveness to their environment’=°.

Previous studies have explored ligand conjugation to nanoparticles and nanogels as a means
of targeting tumors for drug delivery. Generally speaking, research groups identify a
receptor that is overexpressed within a particular tumor population, and conjugate a peptide,
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protein, or nucleic acid ligand for that receptor to drug-loaded nanogels'®. An ideal targeting
ligand will identify and adhere to target cells without promoting nanogel co-localization
with off-target cells (i.e. epithelial cells, fibroblasts, immune cells etc.). /n vitro, peptide
conjugation has been shown to increase nanogel uptake by target cells for a number of
applications!112, There is greater debate over the extent to which the conjugation of
peptides or other targeting moieties influences the biodistribution of nanoparticles in vivo.13

Once a nanogel enters the cell by endocytosis, if it is to deliver its encapsulated payload to
an intracellular site of action, it must disrupt the endosomel415. Membrane disrupting
moieties can facilitate endosomal escape. Validation of reliable mechanisms through which
drug delivery vehicles can escape endosomes is an active area of research6:17, One
proposed mechanism, consistent with the mechanism of intracellular delivery using
lipoplexes!8, is that cationic cell penetrating peptides deposit within and destabilize the
endosomal membranel®. A second mechanism underlying the endosome disrupting ability
of cationic networks and polyplexes is termed the proton sponge effect?20:21, In the proton
sponge effect, polybases with a pK, between the extracellular and lysosyomal pH (4.5 to

7.4)22 puffer the endosomal pH, alter the osmotic pressure of the endosome, and rupture
1523,

Many studies on new nanogels or nanoparticles neglect to address the need for nano-scale
drug delivery systems to overcome sequential biological barriers24-26, Researchers have
explored the conjugation of multiple ligands to some extent2’31, for sequential targeting or
for enhancing the ability of encapsulated payloads to act on intracellular targets. Further
work is needed to fully understand the extent to which multiple encapsulated, adsorbed, or
covalently incorporated ligands can (i) retain their bioactivity within the nanocarrier and (ii)
overcome sequential barriers to drug delivery. Our understanding of the extent to which
ligand density and position within the nanoparticle architecture contribute to their retention
of biological activity is also incomplete.

Here, we developed a nanogel platform technology, which was by itself minimally bioactive,
that could be modified to include multiple ligands, that are optimized individually to
recognize, respond to, or traverse biological barriers. We developed a poly(acrylamide-co-
methacrylic acid) nanogel, which has a unique modular design component32, The
unmodified nanogel is responsive to the pH environment, able to complex hydrophilic small
molecule payloads, and non-toxic to multiple cell lines at a high dose (0.5 wt% in media)33.
The acid groups within the nanogel are amenable to carbodiimide-mediated bioconjugation,
which has been applied previously to couple active biomolecules to numerous poly(acid) or
poly(amine) biomaterials3#35. We initially modified the acid groups to possess pendant
hydrophobic (tyramine) or cationic (n,n-dimethylethylenediamine) small molecules,
peptides (multiple) and proteins (peroxidase, wheat germ agglutinin). The extent of nanogel
modification was tunable, and in each tested case the ligand activity (i.e. payload
complexation, enzymatic activity, molecular recognition) was conserved32,

For the purpose of organizing this proof-of-concept study, we selected colorectal cancer as a
disease focus. Colorectal cancer is the third most common cancer in the US, affecting more
than 140,000 new patients annually 36-38. Colorectal cancer incidence in young adults is
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increasing, rising by 22% from 2000 to 2013 3°. In isolation, or in combination with targeted
therapies, cocktails of cytotoxic chemotherapeutics are administered to treat colorectal
cancer (i.e. 5-fluorouracil 404 irinotecan 42, trifluridine 41, tipiracil 41, and oxaliplatin 43).
All of these chemotherapeutics, with the exception of irinotecan, are hydrophilic (octanol/
water partition coefficient (logP) values of less than 0.07), resulting in rapid clearance from
the bloodstream. Therefore, nanogels which extend the circulation time, tumor targeting, cell
uptake, and cytosolic delivery of hydrophilic chemotherapeutics would be useful for treating
colorectal cancer.

In this study, we selected peptides which have published experimental evidence for their
colon cancer targeting and endosome escape ability. We selected a peptide (here called CC-9
after its sequence (CTPSPFSHC)) to target colorectal cancer. This peptide was identified by
Li et al** by in vivo phage display, where it partitioned in colorectal tumors 11- to 94-fold
more than in other organs (i.e. distal colon, brain, heart). We selected a histidine-modified
Tat peptide for endosomolysis. Lo et a/. 23 identified that complexes of the Tat peptide
(RKKRRQRRRR) with a polyhistidine (5-20 H subunits) tail act as a potent facilitator of
endosomal escape (up to a 700-fold increase in gene transfection).

The purpose of this study was to investigate the impact of peptide conjugation to a nanogel
backbone on its bioactivity, specifically for overcoming the cell membrane and endosomal
barriers. Our design purpose was to determine the influence of the peptide weight
percentage, individually or when multiple unique peptides are used in tandem, on target cell
co-localization and endosomal escape. We hypothesized that the nanogel chemistry will
dictate the spatial arrangement of peptide ligands, which could influence its targeting
capabilities or ability to interact with endosomal membranes, particularly if it is burried
within the nanogel bulk. Similarly, we hyothesized that the nanogels™ buffering capacility
could influence the proton sponge effect, altering the extent of endosomolysis.

2.  MateriaLs ano MeTtHoDS

2.1

Nanogel Synthesis and Purification

Poly(acrylamide-co-methacrylic acid) nanogels were synthesized by inverse emulsion
polymerization as described previously 33. The monomer feed was comprised of 75 mol%
acrylamide, 22.5 mol% MAA, and 2.5 mol% methylenebisacrylamide, dissolved in ultrapure
water at 42 wt%. This aqguous monomer soution, after addition of 50 uL of TEMED was
added to a stirring 50mL solution of Brij 30 (2.952 g) and AOT (0.724 g) in hexanes. The
inverse emulsion was purged with nitrogen (20 min). Polymerization was initiated by adding
10 mg of APS (100 mg/mL in ultrapure water, nitrogen purged), and was allowed to proceed
under constant mixing, at room temperature, for two hours. Nanogels were purified by
precipitation in ethanol (three times) and dialysis against a water/ethanol gradient, as
described previously 33. Purified nanogels were lyophilized and stored at room temperature.

2.2. Nanogel Modification with CC-9 and RH-20 Peptides

Dried nanogels were suspended in 10 mM MES buffer at 10 mg/mL, vortexted/sonicated to
disperse uniformly, and adjusted to pH = 5.5 with 1N hydrochloric acid. They were
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transferred (3 mL per reaction) into 15 mL conical tubes. The CC-9 (sequence =
CTPSPFSHC) and RH-20 (sequence = RKKRRQRRRRHHHHHHHHHH) peptides were
dissolved at 5 mg/mL in 10 mM MES, and adjusted to pH = 5.5. An amine-terminated
fluorophore (5-(amino acetamido) fluorescein) was dissolved at 1.5 mg/mL in 10 mM MES
(pH =5.5). Immediately prior to the coupling reaction, EDC was dissolved at 56 mg/mL in
10 mM MES (pH = 5.5). We added 600 pL of EDC solution (33.6 mg EDC per reaction, a 2-
fold molar excess EDC to MAA groups in the nanogels) to each conical tube, immediately
followed by the peptide and/or fluorphpore solutions. Peptides were added at of 0—10 wt%,
relative to the nanogel weight. Fluorophore mass added was 0.5 wt%, relative to the nanogel
weight. After mixing, the conical tube was placed on an orbital spinner, and was mixed end-
over-end for two hours. A schematic of the peptide modification reaction is given in Figure
1.

All peptide-nanogel conjugates were prepared in the manner described above. To test the
peptide conjugation efficiency, we synthesized nanogels with 0-10 wt% CC-9, 0-10 wt%
RH-20, and combinations of CC-9 and RH-20 (2-10 wt% each). We fabricated nanogels
with 0.5 wt% fluoropore and peptide (CC or RH, different wt%) for cell co-localization
studies. Peptide-modified nanogels without fluorphore were prepared for endosomal escape
studies. All peptide-nanogel conjugates were purified by dialysis against ultrapure water (72
hours, twice daily water changes). They were lyophilized and stored at —20°C.

2.3. Dynamic Light Scattering and Zeta Potential Measurement

The nanogels were characterized by dynamic light scattering (DLS) in 1x PBS and zeta
potential measurement in 5mM sodium phosphate buffer. Nanogels were suspended in their
respective buffers at 2 mg/mL, sonicated to suspend uniformly, and adjusted to pH =7.4
with 1IN sodium hydroxide or hydrochloric acid. Measurements were obtained using a
ZetaSizer NanoZS system (Malvern). Presented results are the average of at least three
measurements, where each measurement included a minimum of ten runs. DLS data are
presented as the z-average diameter, plus or minus the PDI width. Zeta potential
measurements are presented as the average zeta potential, plus or minus the zeta deviation.

2.4. MicroBCA Assay

The total CC-9 peptide content was quantified using a MicroBCA colorimetric assay
(Thermo). MicroBCA quanitifies the total protein/peptide content of a solution through the
reduction of copper, and is influenced strongly by cysteine, tyrosine, and tryptophan residues
4546 Therefore, it was a sensitive assay for determining the amount of CC-9 peptide within
nanogel conjugates. The MicroBCA assay exhibited poor sensitivity to RH-20 peptide
content (AAsgonm for a 200 ug/mL stock of RH-20 peptide = 0.09) Therefore, it was not
suitable for quanitifying RH-20 peptide incorporation. Nanogels (50-200 pg/mL) were
incubated in equal volume ratio with MicroBCA working reagent under orbital mixing for 2
hours. The total CC-9 peptide content within nanogels was quantified by solution
absorbance at A =562 nm using a microplate reader (BioTek), relative to a standard curve
generated from unconjugated CC-9 peptide.
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2.5. High-Throughput Assay for Nanogel Co-localization

Fluorescently tagged nanogels (50-400 pug/mL) were suspended in 2% FBS phenol-red free
DMEM and incubated in the presence of each cell line for 2 hr. After incubation, the
nanogels were aspirated, and the microwell plate was washed three times with cold DPBS
(100 pL/well). Cells were fixed with 50 pL of cold IC Fixation Buffer (Invitrogen), and
stained with AlexaFluor 594 Wheat Germ Agglutinin (membrane) and DAPI (nucleus). In
between each fixation or staining step, the cells were washed three times with cold Hanks
Balanecd Salt Solution (HBSS) to ensure removal of unbound or unreacted species. The
microplates, containing fixed and stained cells, were stored in the dark at 4°C until imaged.

Images were aquired using the Cytation 3 Cell Imaging Multi-Mode Reader (BioTek) and
processed usig Gen5 software (BioTek). Four wells were imaged for each treatment (cell,
nanogel identity, concentration) and four images were aquired per well. Images were
acquired using DAPI, GFP, and Texas Red filters (DAPI: excitation = 377 nm, emission =
447 nm, Texas Red: excitation = 586 nm, emission = 647 nm, GFP: excitation = 469 nm,
emission = 525 nm) and an Olympus 20x objective. Each well was autofocused to in the
DAPI and Texas Red channels. GFP images were acquired at the DAPI focal length.
Imaging parameters (i.e. LED intensity, gain, and integration time) were optimized for the
most fluorescent sample (RAW 264.7 cells, all formulations) to prevent saturation. These
parameters were held constant for the purpose of quantitative image analysis (DAPI:
Intensity = 5, Integration time = 53, Gain = 0, Texas Red: LED intensity = 10, Integration
time = 100, Gain = 12.3, GFP: LED intensity = 10, Integration time = 271, Gain = 15.6).

Images were quantified using the cellular analysis tool in Gen5. From each image, we
subtracted the background fluorescence (DAPI, Texas Red, and GFP channels) and
performed a cell count with the DAPI channel. The nanogel fluorescence (GFP) was
normalized to the cell count. Further, we adjusted this normalized fluorescence by a
correction factor, corresponding to the slope of a fluorescence calibration curve for each
nanogel formulation. This ensured that observed trends in nanogel co-localization (measured
by normalized fluorescence) are in fact due to nanogel co-localization and not differences in
fluorescent labeling.

2.6. Calcein Assay for Endosmal Escape

We probed peptide-enhanced endosomal escape in SW-48 cells with a calcein assay
developed by Kongkatigumjorn et a/. 47 and modified by Deshpande et a/*8. Nanogels
(100-400 pg/mL) and calcein (100 pug/mL) suspended in 2% FBS phenol redfree DMEM
were incubated with SW-48 cells for 4 hr. Cells incubated with calcein (100 pg/mL) only
were used as a negative control. Cells incubated with calcein (100 pg/mL) and free RH-20
peptide (200 ug/mL) were used as a positive control. After incubation, the nanogels and
calcein were aspirated, and the cells were washed three times with cold DPBS.

The cells were imaged immediately using the Cytation 3, with a 20x Olympus objective,
using the bright field and GFP filters. Each sample was foccused to the bright field channel,
and the GFP image was acquired at the bright field focal height. The bright field image was
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used to obtain a cell count, and the GFP channel enabled visualization of vessicular/free
calcein within the cytosol.

Endosomal escape images were quantified using the cellular analysis tool in Genb.
Disruption of the endosome will lead to diffuse calcein in the cytosol, accompanied by an
increase in green fluorescence 4849, Therefore, the green fluorescence per cell, relative to
positive and negative controls, was used as a surrogate measure of endosomal escape.

3. ResuLts anp Discussion:

3.1 Feasibility of Modular Approach:

Prior to modification, the poly(acrylamide-co-methacrylic acid) (P(AAm-co-MAA)
nanogels had a z-average hydrodynamic diameter of 76.3 = 28.0 nm. To make estimations,
regarding peptide modification of the nanogels, we made a few simplifying assumptions. We
assumed that the nanogel swelling ratio for P(AAm-co-MAA) nanogles is similar to the thin
films of the same formulation. We fabricated P(AAm-co-MAA) films of the same
composition, and measured the film weight in a completely dried and equilibrium-swollen
state. We calculated that:

mp+my,

3.8
np

where Q is the weight swelling ratio, my is the polymer mass in the nanogels, and m,, is the
water mass in the nanogels. We assumed that the polymer density is approximately equal to
the density of water.

~ oy, =1-5—
pp"’pw_lmL

Assuming that, consistent with our previous study, all monomers were incorporated at feed
ratio, we next computed the number of MAA moieties within each nanogel:

471'RZ
3 |*°
N _ % MMAA % mol « N
molecules, MAA= 7SR mp, 86.06 g A
MMAA

where Ry, is the nanogel hydrodynamic diameter, is the weight fraction of MAA in

m
p
the nanogel, 86.06 g/mol is the molecular weight of MAA, and Np is Avogadro™s number.
There were an average of 2953 molecules of MAA polymerized into each P(AAmM-co-MAA)
nanogel.

We determined the feasibility of modifying the nanogel to 10 wt% of each peptide (as a
weight fraction of the polymer dry weight). A 10 wt% CC-9 and 10 wt% RH-20 peptide
nanogel requires modification of 114 and 39 MAA molecules, respectively. This requires
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conversion of only 3.9% and 1.3% of the total MAA. For fluorescently tagged nanogels, 0.5
wt% fluorphore requires further modification of another 13 (0.4% of total) MAA molecules
per nanogel. As the highest extent of modification (10 wt% CC-9 and 10 wt% RH-20,
fluorescent) requires modifying only 4.6% of the MAA groups, we determined that all
extents of modification pursued in this study were feasible.

3.2 Nanogel Structure and Surface Coverage

P(AAm-co-MAA) nanogels possess pendant carboxylic acid moieties throughout their bulk
that interact with the aqueous environment. In comparison to similarly-sized polymeric
nanoparticles, metal nanoparticles, or liposomes, P(AAm-co-MAA) nanogels have more
water-accessible acid groups, which can be modified with peptides in a modular manner. As
a result, P(AAm-co-MAA) nanogels have the potential to be modified covalently, and with a
substantial mass fraction, of bioactive peptides. In this study, we leverage this unique
property of P(AAm-co-MAA) nanogels to achieve significant (up to 20 wt%) peptide
modification.

While we have shown previously that proteins coupled to P(AAm-co-MAA) retain their
bioactivity32, it was previously unclear the extent to which peptides immobilized within
nanogels retain bioactivity. Our modular bioconjugation schema, connecting N-terminal
amines on peptides to nanogel carboxylic acid moieties, couples indiscriminately to the
nanogel surface and bulk. If the CC-9 peptide is sufficiently burried within the nanogel bulk,
it may be unable to engage with cell surface receptors to facilitate co-localization.
Conversely, RH-20 peptides within the nanogel bulk are intended to facilitate endosomal
escape through a proton sponge effect. Because the RH-20 peptide is net-cationic, it could
also act as a cell penetrating peptide if concentrated at the nanogel surface. Here, we
acknowledge that the spatial distribution of peptides within the nanogel could influence their
ability to exert a useful biological function. Our modular system does not enable spatial
selectivity, which is a noted limitation.

A second aspect to peptide modification of nanogels is minimizing its impact on nanogel
stability in aqueous solution. In a recent paper, we noted that P(AAm-co-MAA)
modification to high extents with a hydrophobic ligand (modifying >50% of the carboxylic
acid groups) resulted in nanogel aggregation32. Our P(AAm-co-MAA) nanogels rely on
hydrophilicity and a highly negative zeta potential to prevent aggregation. The CC-9 peptide
containes multiple hydrophobic amino acids and the RH-20 peptide is cationic. If cationic or
hydrophobic moieties are present at too high of a density on the nanogel surface, they could
promote nanogel aggregation and reduce efficacy for intracellular delivery.

To aid our analysis, we estimated the peptide surface coverage of each nanogel. We made a
simplifying assumption that the peptide groups are bound only to the nanogel surface, and
not throughout the bulk. The purpose of this assumption was to determine the upper limit for
surface coverage, given a specific cocktail and quantity of peptides. Estimated from their
respective molecular weights and the Stokes-Einstein equation, the CC-9 peptide is 1.39 nm
and the RH-20 peptide is 1.98 nm in diameter. Modeling the nanogels and each peptide as a
uniform sphere, 10 wt% modification corresponds to 3.8% and 2.6% surface coverage the
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CC-9 and RH-20 peptide, respectively. Therefore, it is reasonable to assume that the nanogel
with the highest extent of modification retains at least 93.6% of its native surface.

3.3 Nanogel Characterization

The umodified P(AAm-co-MAA) nanogels possessed a z-average hydrodynamic diameter of
76.3 + 28.0 nm and a zeta potential of —28.1 + 7.5 mV. As the RH-20 peptide does not
contain cysteine, tyrosine, or tryptophan, microBCA analysis did not enable direct
quantification of immobilized RH-20. The CC-9 peptide, when immobilized within the
nanogels was detected sensitively by a microBCA, applied as documented previously.>0
Nanogel modification with the CC-9 peptide trended linearly with the concentration (r2 =
0.99) and the peptide coupling/recovery efficiency was greater than than 90% efficient (Fig
1b). There was no significant difference in peptide modification efficiency as a result of
simultaneous fluorphore conjugation (Fig S1a). Further, through direct quantification of free
thiols by Ellman®s assay, we determined that more than 99% of the conjugated CC-9 peptide
was in a loop confirmation, with a loss of free thiols and adoption of a disulfide linkage (Fig
S1b). For /n vitro studies, we generated three libraries of peptide-modified nanogels; those
modified with 0.5 wt% to 10 wt% CC-9, 0.5% to 10 wt% RH-20, and combinationt of 2 wt
% to 10 wt% CC-9 and RH-20. In each case a fluorescently tagged formulation was
synthesized for cell co-localization studies, while a non-fluorescent analogue was
synthesized for endosomal escape studies.

Consistent with the expectation that peptide and/or fluorphore modification will react with
less than 5% of the total number of methacrylic acid moieties in the nanogel, peptide
modification did not significantly alter the nanogels™ zeta potential (Figure 1c). Peptide
modification increased the hydrodynamic diameter of the nanogels, although the increase in
diameter was not statistically significant (Figure 1d). The peptide identity (CC-9 or RH-20)
and amount (0-10 wt%) of peptide did not significantly influence the nanogel hydrodynamic
diameter, as compared to unmodified nanogels. The average polydispersity index for the
modified and unmodified nanogels was 0.185. Full grouped (i.e. extent of modification,
peptide, fluorophore) size and zeta potential data, with statistical analyses, are given in Fig.
S2. These results support our hypothesis that peptide modification is indiscriminate to the
nanogel surface and bulk. Further, it was encouraging that peptide modification up to 10 wt
% did not lead to nanogel aggregation nor a loss of nanogel stability in aqueous solution.

3.4 CC-9 Peptide Conjugation Enhances Nanogel Co-localization by Colorectal
Carcinoma Cells, without Altering Co-localization by Fibroblasts or Macrophages:

The CC-9 peptide significantly increased nanogel co-localization with SW-48 cells (Fig 2a).
A minimum of 2 wt% CC-9 was necessary to observe a significant enhancement in co-
localization, and the extent of enhancement increased as the CC-9 weight percent increased.
The 10 wt% CC-9 nanogel enhanced co-localization with SW-48 cells by 324 + 72% at a
100 pg/mL dose, and 177 £+ 69% at a 400 ug/mL dose (both p < 0.001). This demonstrated
that the improvement in SW-48 cell co-localization was (i) dependent on the CC-9
concentration within the nanogel and (ii) particularly pronounced at low nanoparticle to cell
ratios. Both findings are consistent with a molecular recognition event between the SW-48
cells and CC-9 ligand.
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The RH-20 conjugated nanogels also co-localizatized with SW-48 colorectal carcinoma cells
to a greater extent than unmodified controls, but the extent of enhancement was less
pronounced than was observed with CC-9 (Figure 2b). The SW-48 cells exhibited enhanced
co-localization of nanogels modified with 5 wt% and 10 wt% RH-20 (36 £ 25% and 41 +
19% increase at a 400 pg/mL dose, relative to unmodified controls, respectively). Unlike the
significant increase in co-localization observed by CC-9 modified nanogels at low
concentrations, there were no signifiant differences in SW-48 co-localization of RH-20
modified nanogels at a 100 pg/mL dose. This nanogel dose-dependent enhancement in co-
localization, where effects are seen only when significant doses are achieved, is consistent
with the hypothesis that surface immobilized RH-20 acts as a non-specific cell penetrating
peptide.

To investigate, in a general sense, the extent to which CC-9 and RH-20 influence nanogel
interactions with cells, we compared our co-localization results for SW-48 cells (Fig 3a) to
fibroblasts (L929, Fig 3b) and macrophages (RAW 264.7, Fig 3c) under the same conditions.
If CC-9 modified nanogels exhibited enhanced co-localization with SW-48 cells due to a
specific molecular recognition event, we expected that CC-9 would not enhance nanogel co-
localization with L929 or RAW 264.7 cells. Each ,,nanoparticle fluorescence per cell” value
was the green fluorescence intensity, normalized to cell count and calibrated for nanogel
fluorescence intensity (i.e. standardized to calibration curves generated for each nanogel
formulation). Figure 3 is plotted on a common scale, so that differences in nanogel co-
localization across cell lines is more visually apparent. Nanogel co-localization data are
presented for each cell line-formulation pair in Figure S3 on variable y-axes to facilitate
comparisons between formulations.

Fibroblasts did not co-localize with substantial quantities of any formulation. Nanogel co-
localization with fibroblasts trended linearly with nanogel concentration, and CC-9 or
RH-20 modification at 10 wt% did not significantly increase co-localization. The extent and
identity of peptide modification did not predict the extent of co-localization. Only the 1 wt%
and 2 wt% CC-9 nanogels, dosed at 400 ug/mL, co-localized to a greater extent than
unmodified controls, and this increase was small (59 + 62% and 62 + 47% increase,
respectively, Fig. S3). Both of these results indicated that the fibroblast-nanogel interaction
is non-specific irrespective of the extent of CC-9 or RH-20 modification, and that both the
modified and unmodified nanogels largely evade interaction with and uptake by fibroblasts.

The macrophages interacted with substantial quantities of all nanogel formulations,
irrespective of the dose or extent of peptide modification (Figures 3c and 3d). Co-
localization of the 1 wt%, 5 wt% and 10 wt% CC-9 peptide nanogels was greater than
unmodified controls (p < 0.001 for 1 wt%, p < 0.05 for 5 wt% and 10 wt%) (Figure S3).
There was no relationship between the extent of CC-9 modification and macrophage co-
localization. Peptide (CC-9) modification increased nanogel co-localization with
macrophages by an average of 35% (range = —18% to 64%) and this enhancement did not
trend with nanoparticle dose (0.1 to 0.4 ug/mL) or the extent to which CC-9 was
incorporated. Therefore, in comparison to the influence of CC-9 on co-localization with
SW-48 cells, CC-9 appears to enhance macrophage co-localization to a lesser extent. No
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significant differences were observed in the co-localization of RH-20 modified nanogels by
murine macrophages, dosed at up to 400 pg/mL.

We compared the relative extent of nanogel association with each cell line. The nanogels
associated to a significantly greater extent with macrophages than colon carcinoma cells
(p<0.001). Their co-localization was also greater with colon carcinoma cells than fibroblasts
(p<0.05) (Fig 3d, Fig S3). This relative co-localization (macrophages > colon carcinoma >
fibroblasts) indicates that, while the nanogels do not evade uptake by phagocytotic cells,
they are preferentially co-localize with SW-48 colon cancer cells over model cells of the
connective tissue (L929 fibroblasts).

In addition, we compared the extent to which CC-9 and RH-20 enhanced nanogel co-
localization between cell lines. As shown in Figure 4, peptide modification had a greater
impact on nanogel co-localization with colon cancer cells than macrophages or fibroblasts.
A non-linear one phase association model was fit to each data set for visualization. Only
with the colon carcinoma cell line and CC-9 peptide modified nanogels was the extent of
peptide modification (in wt%) predicive of co-localization (r2 = 0.77). For the RH-20
nanogels with colon carcinoma cells, as well as both peptide conjugates with fibroblasts and
macrophages, the variation in peptide weight fraction explained less than 30% of the
variation in nanogel-cell co-localization.

Taken together, our results indicate that peptide modification is an effective method for
imparting cell recognition properties in P(AAm-co-MAA) nanogels. The extent of cell
recognition was dependent on the suitability of the peptide ligand (in this case CC-9) for a
given cell type and its expressed receptors. The distribution of CC-9 or RH-20 within the
nanogel surface and bulk did not deter cell recognition, although we are unable to determine
if similar recognition properties could have been achieved with a lower degree of
modification if those ligands were concentrated on the nanocarrier surface. It is worth noting
that, throughout all of our studies, we measured cell co-localization rather than uptake. This
focus was due to the resolution limitation of our high-throughput fluorescence imaging
assay. By focusing on co-localization, we were able to look at the extent to which nanogel
decoration with peptides influences the extent of nanogel-cell interaction in a general sense.
Future experiments and measurements, to clarify the extent to which nanogel decoration
influences cellular trafficking of the carrier and encapsulated cargoes, could involve confocal
microscopy or flow cytometry. In such a study, it would be necessary to consider how
physical properties of the nanogel, such as stiffness®1:2, influence the endocytosis
mechanism and extent of uptake®.

3.5 Free RH-20 Peptide, but not Peptide-Nanogel Conjugates, Facilitates Endosomal

Escape

The extent to which peptide modification enhanced nanogel endosomal escape in SW-48
colon carcinoma cells was determined using a Calcein assay with fluorescence microscopy
(Fig 5a). For these experiments, non-fluorescent nanogels modified to different extents with
the RH-20 peptide were used, as not to provide background green fluorescence. In isoloation
(i.e. not conjugated to a nanogel) RH-20 significantly enhanced calcein delivery to the
cytosol, indicative of endosomal escape (p < 0.001). Therefore for all further experiments,
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free RH-20 at 200 ug/mL was used as a positive control. Calcein in media (no peptide or
nanogels) was used as a negative control. Nanogels and nanogel-peptide conjugates did not
alter the amount of calcein delivered to the cytosol, when compared to the negative control
(Fig 5b). Therefore, neither the unmodified nanogels, nor nanogels modified to any extent
with RH-20 peptide, facilitated endosomal escape. Representative images, illustrating the
spatial distribution and intensity of calcein fluorescence are given in Figure 5c.

It was particularly interesting that RH-20 did not retain its endosomolytic activity when
conjugated to a polyacidic network. Based on the results published by Lo et a/. 23 the proton
sponge effect is critical to the endosomolytic activity of the Tat peptide with a polyhistidine
tail. It appears that the polyacidic network, which accounts for the majority of the nanogel
by weight, may in fact impair the RH-20 peptide™s ability to disrupt endosomes. An
alternate explanation is that, in the previous work, the RH-20 peptide was co-administered as
a DNA complex, whereas the peptide was conjugated in a network for this study. Mobility of
the RH-20 peptide, for membrane insertion and disruption purposes, may be critical to its
function.

From our cell co-localization experiments, we knew that CC-9 modification can significantly
enhance nanogel interaction with SW-48 cells. Therefore, we further sought to determine if
dual peptide-modified nanogels could recognize SW-48 cells through their CC-9 ligand and
facilitate endosomal escape with RH-20.

We first determined the extent to which nanogels could be modified with both the CC-9 and
RH-20 peptide without loss of stability in aqueous solution. Nanogels modified with less
than 15 wt% peptide (various combinations of CC-9 and RH-20) were stable in 1x PBS.
Peptide modification up to 15 wt% increased the hydrodynamic diameter of the nanogels
slightly, although this increase was not statistically different from unmodified control
nanogels. Modification with increasing amounts of RH-20 peptide was associated with an
increase in zeta potential, although this increase was also not statistically significant (Figure
6a). Nanogels modified with 20 wt% peptide (10 wt% CC-9 and 10 wt% RH-20) aggregated
significantly (z-average diameter = 962 nm, PDI = 1) (Figure 6a).

We also validated that the CC-9 peptide retains its active conformation when conjugated to
nanogels in combination with RH-20. CC-9 conjugation efficiency, as measured by
MicroBCA, was greater than 83% for all dual-peptide modification reactions (Fig S1c).
Similar to the nanogels modified with CC-9 peptide alone, more than 99% of the CC-9
peptide within dual-modified nanogels was in a loop conformation (Fig S1d).

Similar to what was observed with P(AAm-co-MAA) nanogels coupled with RH-20 alone
(up to 10 wt%) dual peptide conjugates containing CC-9 and RH-20 also failed to enhance
calcein release to the SW-48 cell cytosol, indicating an inability to disrupt endosomes (Fig 6
b,c). The extent of CC-9 conjugation (2 wt%, 10 wt%) did not affect endosomolytic activity,
indicating that the extent of nanogel co-localization with SW-48 cells was not predictive of
endosome escape. This further supports that the observed loss of RH-20’s endosomolytic
activity results from its coupling to the polyacidic P(AAm-co-MAA) network.
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4. ConcLusion:

In the present study, we developed a modular method for modifying nanoscale P(AAm-co-
MAA\) networks (i.e. nanogels) with bioactive peptides, with a design goal of (i) co-
localizing with target cells and (ii) disrupting endosomes upon uptake. Two peptides, CC-9
and RH-20, were identified from literature reports2344 for their ability to target colon cancer
cells and disrupt endosomes. Both peptides were efficiently integrated (>83% efficiency in
all cases) within the nanogels via carbodiimide mediated coupling. The high density of bulk,
modifyable acid groups in P(AAm-co-MAA) made it particularly amenable to a high degree
of peptide incorporation (up to 10 wt% CC-9 or RH-20, and up to 15 wt% when the two
peptides were combined) without a significant change to the network hydrodynamic
diameter, zeta potential, or stability in aqueous buffer.

The CC-9 peptide promoted nanogel co-localization by SW-48 colorectal carcinoma cells,
exhibiting an increase in total co-localization of up to 324%. The extent of CC-9
modification (in weight percent) was largely predictive of the nanogel co-localization with
for the SW-48 cells. While peptide modification also effected nanogel co-localization with
the other cell lines (RAW 264.7 macrophages, L929 fibroblasts), the extent to which
modification increased co-localization was at least five times less than what was observed
with colon cancer epithelial cells. Further, the extent of hanogel modification with CC-9 (i.e.
from 0.5 to 10 wt%) was predictive of the extent of nanogel co-localization only for SW-48
colon cancer cells. The endosomolytic activity of RH-20 was lost when conjugated to
P(AAm-co-MAA), alone or in combination with CC-9. This is a limitation for P(AAm-co-
MAA) to be applied as a vehicle to deliver drugs to the cell cytosol, but could be useful for
delivery to the lysosome or cellular transport by transcytosis.

In summary, we developed and validated a method for incorporating peptides into synthetic
nanogels, with particular insight into how retention of the peptides™ molecular recognition
capability can be applied to tune the cell-nanogel interaction. The physical stability of these
networks, with up to 15 wt% peptide, throughout synthesis, lyophilization, storage, and
reconstitution in biological media could be particularly attractive for specific drug delivery
applications. In the future, further studies must determine the extent to which presenting a
high quantity of bioactive peptides (i.e. individually or in combination) to the surrounding
environment by route of a synthetic nanogel can usefully alter the nanogel™s biodistribution
or other drug delivery properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Validation of peptide conjugation to modular P(AAm-co-MAA) nanogels.
(A) Schematic depiction of peptide modification by carbodiimide mediated coupling. CC-9

peptide shown, in its conjugated, loop conformation. Sequences for the CC-9 and RH20
peptide. (B) CC-9 peptide conjugation, as measured by a MicroBCA assay, was linearly
related to the amount of peptide in the conjugation reaction. The conjugated CC-9 or RH-20
peptide, up to 10 wt%, did not significantly impact the (C) zeta potential, or (D)
hydrodynamic diameter of the nanogels. Further there was no significant relationship
between either parameter and peptide weight fraction. Shown are (B) mean + sd, (C) zeta
potential £ zeta deviation, (D) z-average diameter + PDI width. (n = 3).
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Figure 2: Influence of peptide conjugation on nanogel co-localization with SW-48 colon
carcinoma cells.

Nanoparticle fluorescence per cell, indicative of the relative-co-localization, was measured
as a function of nanogel concentration in the medium (2 h incubation) for (A) nanogels
modified to different extents with CC-9 or (B) nanogels modified to different extents with
RH-20. As more CC-9 was incorporated, the extent of nanogel co-localization increased. (C)
Representative images for nanogel co-localization (2 h, 400 ug/mL) by fluorescence
imaging, as a function of peptide identity and peptide weight percentage in the dried nanogel
(blue = nucleus, red = membrane, green = nanogels, scale bar = 100 pm). (n = 4, *p < 0.05,
**p < 0.01, ***p < 0.001, relative to unmodified nanogels at the same concentration, 2-way
ANOVA with tukey post-test).
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Figure 3: Peptide conjugation influences cellular co-localization in a cell-dependent manner.
Nanoparticle fluoresence per cell is given as a function of cell line, nanoparticle

concentration in the medium, and peptide identity (10 wt% peptide, 2 h incubation). (A)
Modification with the CC-9 peptide increased nanogel co-localization with colon carcinoma
cells to a greater extent than modification with RH-20 peptide. (B) Nanogels did not
significantly co-localize with fibroblasts irrespective of concentration or peptide
modification. (C) Nanogels co-localized in substantial quantity with macrophages
irrespective of peptide modificaiton. (D) Representative fluorescence images of nanogels,
modified to different extents with CC-9 peptide and incubated individually with each cell
line (2 h, 400 pg/mL). Colon carcinoma images are reproduced from Figure 2 for visual
comparison with fibroblast and macrophage cell lines. (blue = nucleus, red = membrane,
green = nanogels, scale bar = 100 pm). (n = 4, *p < 0.05, **p < 0.05, ***p < 0.001, 2 way
ANOVA with tukey post-test).
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Figure 4: Influence of peptide weight fraction on cellular co-localization.
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Fluorescence intensity per cell was measured to quantify the relative extent of nanogel co-
localization with each cell line. Only in the case of (A) colon carcinoma cells, and not with
(B) fibroblasts or (C) macrophages did the extent of cellular co-localization trend
significantly with CC-9 wt% in the dry nanogel (2 for goodness of fit = 0.77 for CC-9 wt%
and co-localization with SW-48 cells). Higher weight fractions of CC-9 (5-10 wt%)
significantly increased nanogel co-localization with SW-48 cells, relative to inclusion of a
similar weight fraction RH-20. When the same nanogels were incubated with fibroblasts or
macrophages, no significant difference in co-localization were observed. (mean fluorescence

+sd, n =4-8, *p < 0.05, ***p < 0.001, 2-way ANOVA with tukey post-test).

J Control Release. Author manuscript; available in PMC 2022 January 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Clegg et al.

(('C(

,s*“

@

Nanogels + Calcein in Medln . .

WW
Endasome J? (

etk

Quantify Calcein
Fluorescence per cell
If Endosomal Escape:

“Signal Intensity

and Diffuseness

Incubation,
Endosomal
Escape

Cytosol 3 2] I

HBSS, Nanogels and Calcein Washed

; Wm}ic\ :
A W
\"( Intact Endosom:lh tb

s Cytosol + Cal:em ﬁe%

Page 21

25000+
20000 ***

15000+ ns

10000

5000

Calcein Fluorescence Per Cell

o \so\ S* Qf;\" R e g \s\"

wt% RH-20 Peptide

Figure 5: Endosome disruption by RH-20.
(A) Schematic depiction of endosomal escape assay by calcein imaging. (B) While free
RH-20 peptide (200 pg / mL, positive control) significantly disrupted endosomes, resulting
in siginficant and diffuse calcein fluorescence in the cytosol of SW-48 cells, nanogels
modified with up to 10 wt% RH-20 failed to disrupt endosomes. The calcein fluorescence
per cell for RH-20 modified nanogels was indistiguishable from that of the negative control
(media with calcein, no nanogels). (C) Representative images for SW-48 cells in each
incubation condition (green = calcein, scale bar = 100 pm). Images are enlarged and
reprinted in Figure S4. (mean fluorescence + sd, n = 3, ***p < 0.001, 1 way ANOVA).
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Figure 6: Dual peptide-modified nanogels fail to disrupt endosomes.
(A) Nanogel madification with both CC-9 and RH-20 to different extents (2 — 10 wt%) did

not significantly influence the nanogel zeta potential or hydrodynamic diameter, and led to
aggregation only in the case of the 20 wt% (equal weight CC-9 and RH-20) conjugate
(control = unmodified nanogels, z-average diameter = PDI width, zeta potential + zeta
deviation, n = 3). (B) Dual peptide-modified nanogels fail to facilitate endosomal escape in
SW-48 cells, suggesting that enhanced nanogel co-localization with 10 wt% CC-9 is
insufficient to enable endosome disruption by RH-20 (positive control = 200 pg / mL
RH-20, negative control = calcein and media only, 0 wt% control = unmodified nanogels in
calcein solution). (C) Representative images for SW-48 cells in each incubation condition,
labeled by peptide modification cocktail (green = calcein, scale bar = 100 um). Images are
enlarged and reprinted in Figure S4 (mean fluorescence + sd, n = 3, ***p < 0.001, 2-way
ANOVA).
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