1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biomacromolecules. Author manuscript; available in PMC 2020 August 03.

-, HHS Public Access
«

Published in final edited form as:
Biomacromolecules. 2018 October 08; 19(10): 4084-4097. doi:10.1021/acs.biomac.8b01088.

Peptide-functionalized hydrogel cubes for active tumor cell
targeting

Bing Xuel&, Veronika Kozlovskayal:%, Mohammad Asif Sherwani?, Sithira Ratnayakal,
Shahriar Habib, Theron Andersonl, Marina Manuvakhova3, Lidija Klampfer3, Nabiha
Yusuf2, Eugenia Kharlampieval4”

1Department of Chemistry, University of Alabama at Birmingham, Birmingham, AL, 35294, USA

?Department of Dermatology, University of Alabama at Birmingham, Birmingham, AL, 35294,
USA

3Southern Research, Birmingham, AL, 35205, USA

4Center of Nanoscale Materials and Biointegration, University of Alabama at Birmingham,
Birmingham, AL, 35294, USA

Abstract

Conjugation of bioactive targeting molecules to nano- or micrometer-sized drug carriers is a
pivotal strategy to improve their therapeutic efficiency. Herein, we developed pH- and redox-
sensitive hydrogel particles with a surface-conjugated cancer cell targeting ligand for specific
tumor-targeting and controlled release of the anticancer drug doxorubicin. The poly(methacrylic
acid) (PMAA) hydrogel cubes of 700 nm and 2 um with a hepsin-targeting (IPLVVPL) surface
peptide are produced through multilayer polymer assembly on sacrificial cubical mesoporous
cores. The direct peptide conjugation to the disulfide-stabilized hydrogels through a thiol-amine
reaction does not compromise the structural integrity, hydrophilicity, stability in serum or the pH/
redox sensitivity, but affects the internalization by cancer cells. The cell uptake kinetics and the
ultimate extent of internalization is controlled by the cell type and hydrogel size. The peptide
modification significantly promotes the uptake of the 700 nm hydrogels by hepsin-positive MCF-7
cells due to ligand-receptor recognition but has a negligible effect on the uptake of 2-uym PMAA
hydrogels. The selectivity of 700-nm IPLVVPL-PMAA hydrogel cubes to hepsin-overexpressing
tumor cells is further confirmed by a 3- to 10-fold higher particle internalization by hepsin-
positive MCF-7 and SK-OV-3 compared to hepsin-negative PC-3 cells. This work provides a facile
method to fabricate enhanced tumor-targeting carriers of submicrometer size and improves the
general understanding of particle design parameters for targeted drug delivery.
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Introduction

Particle conjugation with bioactive ligands have shown considerable promise for controlled
drug delivery due to improved diagnostic and therapeutic outcomes by up-regulating the
retention of probes/therapeutics in cancerous tissues.! Typically, targeting enhancement is
attributed to specific binding affinity between ligands and their corresponding receptors that
are over-expressed in the targeted cells.2~34 Peptides are particularly advantageous due to
their high accessibility, ease of chemical modification, good tissue penetration and low
immunogenicity.>® The relatively low cost and the ease of upscaling render peptide-
decorated particles attractive for clinical applications in tumor targeting treatment.’-8

Hepsin is a type Il transmembrane serine protease which is overexpressed in many cancer
cells, but is absent or found at a low expression level in their non-malignant counterparts.?
The distinct specificity, appropriate location on the cell membrane and expression
enhancement in the early stage of tumor growth make hepsin an ideal target in cancer
detection and therapy.1® However, drug delivery constructs targeting hepsin-overexpressing
cancer cells have been underexplored due to the lack of potent and commercially available
targeting ligands. Recently, IPLVVPL peptide and its synthetic counterpart have been
identified as efficient hepsin-binding ligands that show preferable affinity (190 £ 2.2
nmol/L) to hepsin-positive cells.1? IPLVVPL-coated iron oxide nanoparticles were explored
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for early prostate cancer detection and the nanoparticles showed a 3-fold higher
accumulation in hepsin-positive LNCaP tumors compared to the bare nanoparticles /n vivo.
10 1n another study, IPLVVPL-conjugated liposomes displayed 9- to 26- fold higher uptake
by hepsin-positive cells compared to non-modified liposomes.11

Along with peptide-controlled active targeting, passive tumor targeting based on carrier size
has also been investigated.1? Particle size plays a pivotal role in regulating drug carrier
interaction with cells, /7 vivo circulation, and biodistribution314 In this respect, studies on
targeting efficacy have been mostly focused on nano-systems (< 500 nm) due to the ease of
particle synthesis, favorable cellular uptake, and localization in tumor tissue due to the
enhanced permeability and retention (EPR) effect.14.15 For instance, 50-nm mesoporous
silica particles were reported to have the largest internalization by Hela cells among a series
of particles in the 30—280 nm size range.18 Similarly, although drug-loaded micelles ranging
from 30 to 100 nm in size showed /n vivo accumulation in tumor sites, the 30-nm micelles
demonstrated extraordinary penetration even into poorly permeable tumors.1’

In contrast to the particles discussed above, other biologically active entities both natural and
synthetic exhibit a wide size distribution over nm to um scales.18.19 For example, despite
their slightly larger size, the EPR effect was observed for bacteria larger than 1 um.20
Micron-sized red blood cells have also been demonstrated as effective bioactive vehicles for
targeted drug delivery.21:22 Synthetic soft PRINT (Particle Replication in Nonwetting
Templates) hydrogels ranging from 0.8 to 8.9 um exhibited longer circulation time when
their size approached that of red blood cells, further demonstrating the potential of micron-
sized particles for /in vivo drug delivery.23 Increasing the size of hydrogel rods from 400 to
800 nm also improved their cellular uptake.2* The above observations have inspired the
development of soft synthetic carriers of sub-micrometer (>500 nm) to micrometer size (1-5
um) for tumor detection and/or therapy. Importantly, the ability to tune the particle rigidity/
elasticity is among the main advantages of polymeric vehicles as drug carriers as it allows
for a facile regulation of their biological activity.?> Thus, decreasing the elastic modulus of
polyethylene glycol (PEG) nanogels from 3000 to 10 kPa was shown to increase their /n
vivo circulation up to 2 hours.28 Prolonged circulation in blood was also observed for
micron-sized PRINT hydrogels where the 8-fold lower elastic moduli of the particles led to a
30-fold increase in the elimination half-life.2 In addition to affecting the circulation time,
tuning the elasticity of particles can regulate their association with cancer cells and improve
the accumulation in targeted sites.26 A recent study has demonstrated that softer
nanoliposomes (45kPa) are 2.6-fold more efficient in accumulating in 4T1 tumors compared
to harder particles (19 MPa), indicating the advantages of reduced elasticity for the tumor
targeting ability of particles.2 While those fundamental associations have been elucidated,
research on the effect of particle size (from supra-nano to submicron and micron size) in
conjunction with relevant variables such as polymer chemistry, surface modification, and
cell type on the targeting ability of the carrier is still in its infancy, possibly due to the
challenge of simultaneously fine tuning all these parameters.

In this regard, template-assisted layer-by-layer (LbL) assembly is a powerful approach to
meet the requirements regarding particle synthesis.2%39:31 This method relies on the
sequential adsorption of macromolecules on a sacrificial particulate template, which affords

Biomacromolecules. Author manuscript; available in PMC 2020 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xue et al.

Page 4

precise control over particle size, shape, and composition, as well as physical and biological
properties.32- 33, 34, 35,36 Submicron- or micrometer-sized multilayer capsules were
successfully internalized by varies cell types.2%:37:38.39 The internalization of um-sized
capsules could be attributed to their elasticity and flexibility which allow for deformation
and shape change during the cell uptake process.38 For example, 3-pum (tannic aicid/poly(N-
vinylpyrrolidone)) (TA/PVPON) capsules can pass through 0.8-um pores, demonstrating
their possible extravasation which can be used for passive targeting of tumors.38 Multilayer
microcapsules have also been shown useful for various /7 vivo applications.40:41

We have recently developed porous poly(methacrylic acid) (PMAA) multilayer-derived
hydrogels of cubical and spherical shapes with pH- and redox-sensitivity which are capable
of encapsulation and stimuli-triggered release of hydrophilic doxorubicin and hydrophobic
7-(benzylamino)-3,4-dihydro-pyrrolo[4,3,2-de]quinolin-8(1H)-one (BA-TPQ) anticancer
drugs. 42,43,44 Those particles were obtained upon cross-linking of PMAA in PMAA/
poly(vinylpyrrolidone) (PVPON) multilayers assembled within mesoporous sacrificial
templates. As compared to hollow capsules, these network particles provide much larger
surface area due to the polymer network distributed throughout the entire particle volume,
which is important for drug loading efficiency and release.*2

In this work, we report on a facile method to conjugate hepsin-targeting IPLVVPL peptide to
pH- and redox-sensitive PMAA hydrogel cubes of tunable size for targeted therapy of
hepsin-overexpressing tumors. The surface conjugation of the peptide to the hydrogel
matrices is conducted though a thiol-amine reaction. The effects of the particle size and
ligand conjugation on hydrogel integrity, morphology, and stimuli-triggered release of
doxorubicin is studied. We also explore the influence of cell type and incubation time on
internalization of IPLVVVP-PMAA hydrogels using the hepsin-positive MCF-7 and SK-OV-3
compared to the hepsin-negative PC-3 cell lines. To the best of our knowledge, this is the
first example of hepsin-targeting stimuli-responsive submicron-size drug carries for active
tumor targeting. The integration of an active targeting moiety, pH-sensitivity and redox-
triggered degradation into the polymeric networks represents a new platform for efficient
delivery of therapeutics. In addition, this work has investigated the interplay of particle size,
surface ligand modification and cell type on the interaction between hydrogels and cancer
cells, which improves the understanding of carrier design in cancer therapy.

Experimental Section (Materials and Methods)

Materials.

Poly(methacrylic acid) (PMAA, average M, 21,800 g mol~1), poly(N-vinylpyrrolidone)
(PVPON, average M, 10,000 g mol=1), poly(ethylenimine) (PEI, average M, 25,000 g mol
1), were purchased from Sigma-Aldrich. 1-Ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC) was obtained from Chem-Impex International.
Fluorescein isothiocyanate (FITC)-labeled IPLVVPL hepsin-targeting peptide was
synthesized by Biomatik in the following configuration: IPLVVPL-PEG-Cys-Lys[FITC]
(MW 1515.1 g mol~1). Monobasic sodium phosphate, hydrochloric acid, sodium hydroxide,
ethylenediaminetetraacetic acid (EDTA), dimethylformamide (DMF), fluorescein
isothiocyanate (FITC) and N-succinimidyl iodoacetate (SIA) were from Fisher Scientific
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and used as received. Wheat Germ Agglutinin, Alexa Fluor™ 555 Conjugate (WGA Alexa
555) was purchased from ThermoFisher Scientific. Ultrapure deionized water with a
resistivity of 18.2 Q cm was used in all experiments (Evoqua).

Fabrication of biodegradable PMAA hydrogel particles of different size.

Cubical MnCO3 particles of 2 um were synthesized as described previously.43 The
submicron MnCO3 cores were prepared as follows. The nano-seed solution was prepared
fresh by mixing 0.0081g MnSO,4 and 0.0810g NH4HCO3 in 400 mL of DI water. The nano-
seed solution was poured into 200 mL MnSOy solution (1.2 g L= with 0.5% of isopropanol)
followed by the addition of 200 mL NH4HCOj3 solution (4.75 g L™1 with 0.5% of
isopropanol). The mixture was heated for 12 min at 80 °C and the particles were separated
by filtration through 0.45-pum pore cellulose acetate filters (Whatman). MnCOg particles of
700 nm and 2 um were heated at 700 °C for 3 h, yielding porous Mn,O3 for polymer
deposition. The cubical PMAA hydrogels were then prepared using multilayer deposition of
PVPON and PMAA as described previously.#2 Briefly, porous Mn,O3 template particles
were vortexed in aqueous PEI solution for 1 h to render particle surfaces cationic followed
by sequentially depositing PMAA and PVPON from 1.5 mg mL™1 polymer solutions (pH =
3.6, 0.01 M phosphate) to obtain a (PMAA/PVPON)s multilayer. Each polymer adsorption
step included 15-min sonication (Branson ultrasound bath) followed by 30-min shaking
(1000 rpm). After each deposition step, particles were rinsed twice with 0.01 M phosphate
buffer (pH = 3.6) to remove non-adsorbed polymer. Porous core dissolution was carried out
by exposure of the core-shell templates to 6 M HCI for 24 h followed by six rinses with DI
water at pH = 2. The chemical cross-linking of polymeric particles was performed through
conjugation of amine and carboxylic groups. Carboxylic groups of PMAA layers were first
activated with EDC (5 mg mL™1, pH =5, 0.01 M phosphate) for 40 min. The polymeric
particles were then incubated with cystamine hydrochloride (2 mg mL™1, pH = 5.8, 0.01 M
phosphate) for 24 h under shaking. PVPON was released from the PMAA networks at pH =
8 (0.01 M phosphate) for 24 h followed by EDTA treatment (pH =7, 0.1 M) for 3 h. The
purified PMAA multilayer hydrogel particles were dialyzed against DI water for 3 days
(Float-a-Lyzer MWCO = 20 kDa, Spectrum Labs).

Conjugation of IPLVVPL-PEG-Cys-Lys[FITC] and FITC to PMAA hydrogel particles.

IPLVVPL-modified hydrogel particles (IPLVVPL-PMAA hydrogels) were prepared via a
thiol-amine reaction. For that, N-succinimidyl iodoacetate (SIA, 5 mg) was first dissolved in
50 uL DMF followed by dropping into 1.95 mL of 0.01 M phosphate buffer at pH = 8. The
final concentration of SIA solution was achieved as 2.5 mg mL~1. PMAA hydrogels were
suspended in the SIA solution and shaken for 2 h. Before the conjugation of IPLVVPL-mini-
PEG-CK-FITC, the PMAA hydrogels were rinsed twice with 0.01 M phosphate buffer at pH
= 8. The peptide solution (0.15 mg mL~2, pH = 6.8) was then mixed with SIA-activated
hydrogel particles. The reaction was allowed to proceed at room temperature for 24 h. For
visualization of PMAA hydrogel particles using optical microscopy, peptide-free PMAA
hydrogels were fluorescently labelled with FITC by mixing PMAA hydrogels with FITC
solution (0.1 mg mL™1, pH = 9) for 24 h under shaking. The purification of peptide-
conjugated and peptide-free FITC-labeled hydrogel particles was carried out by rinsing with
0.01 M phosphate buffer using centrifugation/re-dispersion until no free FITC was detected
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in supernatant UV-vis measurements. The amount of IPLVVPL-PEG-Cys-Lys[FITC]
molecules attached to the PMAA hydrogels was determined via a FITC calibration curve (A
=496 nm) using UV-Vis spectroscopy. The amount of conjugated peptide can be obtained as
moles of conjugated peptide per mass (mg) of hydrogels. The mass of the attached peptide
was determined by subtracting the mass in the supernatant from the mass of the peptide in
the initial solution using a peptide calibration curve. The number of peptides per hydrogel

can be calculated as follows: the number of peptide per

moles of attched peptides X Avogadro's number
number of particles

particle = , where the number of particles was

counted with hemacytometer.

Scanning Electron Microscopy.

The size, shape and morphology of Mn,O3 inorganic particles, PMAA hydrogels and
IPLVVPL-PMAA hydrogels were examined with a FEI Quanta™ FEG SEM microscope at
10 kV. A drop of particle suspension was added to a silicon wafer chip (5 mm x 5 mm) and
dried overnight at room temperature. The dried specimens were sputter-coated with 5-nm
thick silver layer using a Denton sputter-coater.

Confocal Laser Scanning Microscopy (CLSM).

Confocal images of IPLVVPL-PMAA, and doxorubicin (DOX)-loaded DOX-IPLVVPL-
PMAA hydrogels before and after serum treatment were obtained with an Nikon A1R+
confocal laser microscope equipped with a 100x oil immersion objective. For serum
treatment, the hydrogels were incubated for 24 h at 37 °C with 10% FBS-containing PBS
buffer solution (HyClone, 1x). A drop of each hydrogel suspension was added to a Lab-Tek
chambered coverglass filled with PBS (pH = 7.4). The hydrogels were allowed to settle at
the bottom of the chamber and the fluorescent images were collected using TRITC/FITC
filter set to visualize DOX and/or FITC fluorescence within the hydrogel particles.

Turbidity measurements.

Integrity of PMAA hydrogels in the presence of IPLVVPL-PEG-Cys-Lys[FITC] before and
after SIA treatment, and the glutathione-induced degradation of IPLVVPL-PMAA hydrogels
were studied via turbidity measurements using fluorometry (Varian, Cary Eclipse) at A=700
nm. The relative solution turbidity was calculated as the ratio of scattering intensity of the
hydrogel solution at pre-determined time points to that of the initial non-degraded hydrogel.
For the particle integrity study, PMAA hydrogels (2—-3x10° hydrogels puL=1) or SIA-
modified PMAA hydrogels were incubated in IPLVVPL-PEG-Cys-Lys[FITC] solution (0.15
mg mL™1, pH = 6.8) at room temperature for 24 h. The glutathione-induced degradation of
IPLVVPL-PMAA hydrogel was carried out by incubation of the hydrogel particles (1x10°
hydrogels pL=1) with 5 mM glutathione in 1x PBS (HyClone, pH = 7.4, 37 °C).

Synthesis of IPLVVPL-PMAA hydrogel planar films.

The PMAA hydrogel film was prepared as described for the PMAA hydrogel particles
above. Briefly, hydrogen-bonded (PVPON/PMAA);5 (the subscript denotes the number of
deposited bilayers) multilayer was built up on a Si wafer primed with poly(glycidyl
methacrylate) (PGMA)-PMAA bilayer as reported previously.*> The polymers were
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adsorbed from 0.5 mg mL™1 polymer solutions in 0.01 M phosphate buffer (pH = 3.6) with
the polymer deposition time of 15 min. The crosslinking was carried out by exposure of the
film to EDC solution (5 mg mL™1, 0.01 M phosphate) at pH = 5 for 40 min followed by
interaction with cystamine (2 mg mL1, 0.01 M phosphate) at pH = 5.8 for 3 h. The peptide
conjugation to the PMAA hydrogel film was done as described for the PMAA hydrogel
particles.

le Measurements.

Wetting of the peptide-free PMAA and IPLVVP-PMAA hydrogel film surfaces was
analyzed by measuring contact angles with a ThetaL ite 101 tensiometer (Biolin Scientific).
A water droplet (7 pL) was placed on the hydrogel films at room temperature. An average
contact angle for each film was obtained from five different spot measurements on film
surfaces.

Encapsulation and in vitro release of DOX.

Cell studies.

Cell viability

DOX was encapsulated into peptide-conjugated hydrogels by incubating the IPLVVP-
PMAA particles in 0.2 mg mL~1 DOX solution (pH = 6.4, 0.01 M phosphate) for 24 h. The
free DOX was rinsed off with 0.01 M phosphate solution at pH = 7.4 five times. The DOX
loading per IPLVVP-PMAA hydrogel particle was determined using a DOX calibration
curve and calculated as follows: DOX loading = [(DOX);-(DOX)s]/number of hydrogels,
where (DOX)); is the initial amount of DOX and (DOX)s is the amount of DOX in the
supernatant after loading. The number of hydrogel particles was counted under a microscope
with a 40x objective using a hemacytometer (Fisher Scientific).

The DOX release from IPLVVPL-PMAA hydrogels was studied at various pH and
temperature conditions. DOX-loaded IPLVVPL-PMAA hydrogel suspension (2 mL) in 0.01
M phosphate buffers at pH = 5, pH = 7.4, and pH = 7.4 in the presence of 5mM GSH was
incubated under shaking (80 rpm) in a water bath at 37 °C. After the predetermined time
intervals, the particles were separated by centrifugation (5 min, 8000 rpm) from solution and
the supernatant (1.5 mL) was analyzed by UV-vis spectroscopy (Varian Cary 50). Fresh
buffer solution (1.5 mL) was added to maintain the 2-mL total volume.

MCF-7 cell line (human breast carcinoma cells) was grown in DMEM (Dulbecco’s
Modified Eagle’s Medium; Corning), while SK-OV-3 (human ovarian carcinoma cells) and
PC-3 (human prostate carcinoma cells) were cultured in RPMI-1640 (HyClone). All media
were supplemented with 10% (v/v) FBS (HyClone), and 1% (v/v) penicilin G (Corning).

assay.

MTT assay was used to assess the cytocompatibility of IPLVVPL-PMAA hydrogels. For
that, MCF-7 cells were plated in 96-well plates in 100 uL of DMEM supplemented with
10% FBS (HyClone). Following 24 h incubation, 50 uL were removed from each well. Then
50 pL of DMEM with 10% FBS containing 2 um PMAA or IPLVVPL-PMAA hydrogels
(the hydrogel-to-cell ratio was 100) were added to each well with 24-, 48-, and 72-h
incubation. The untreated cells were used as control, which underwent incubation under the
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same condition. After a certain time interval, 10 uL of MTT solution (5 mg mL™1, Sigma-
Aldrich) was added to each well and the plate was incubated for another 4 h. The
supernatant was removed, and 100 pL of DMSO was applied to dissolve the formazan.
Absorbance was determined at 570 nm using an EnVision microplate reader (PerkinElmer).
The experiments were performed in triplicate and the cell viability was expressed as survival
percentages of the growth control group. The Student’s t-test was applied to assess the
statistical significance of each data set.

Cell imaging with CLSM.

MCF-7, SK-OV-3 and PC-3 cells were seeded in a Lab-Tek chambered coverglass with a
density of 5x10* cells per well. Cells were allowed to adhere for 24 h followed by culturing
with IPLVVPL-PMAA or peptide-free PMAA hydrogels at 37 °C in a humidified 5% CO,
incubator. After 3-h incubation, liquid medium was aspirated, and the cells were washed
three times with cold DPBS and covered to a depth of 2-3 mm with 4% paraformaldehyde
diluted in 1x PBS for 15 min at room temperature. Fixative was aspirated, and cells were
rinsed three times with DPBS for 5 min each. Cell membranes were stained with WGA-
Alexa 555 (0.5 pg mL~1, Molecular Probes) for 20 min on ice. Cell nuclei were stained with
DAPI (2 ug mL™1, Invitrogen).

Flow Cytometry.

MCF-7, SK-OV-3 and PC-3 cells were seeded at a density of 2.5x10° cells per well in a 12-
well plate (Corning) and treated with 15 ug mL~1 IPLVVVPL-PMAA or peptide-free FITC-
labeled PMAA hydrogels. Following 1-, 3-, 6- and 24 h incubation, cells were washed three
times with cold DPBS, trypsinized and collected by centrifugation at 300 g for 5 min with
the concentration of 1x10° cells per 300 uL and kept on ice. After that, 50,000 fluorescent
events were collected using BD FACS Calibur™ flow cytometer and analyzed by FlowJo.
The experiments were performed 4 times for each sample and data were expressed as the
mean + standard deviation. Student t-test was applied to assess the statistical significance of
each data set.

Results and Discussion

Synthesis and characterization of peptide-conjugated PMAA hydrogels

Cubical PMAA hydrogels of 2 um in size were obtained through sequential infiltration of
PMAA and PVPON within mesoporous 2.0 + 0.2 um Mn,O3 templates followed by
template dissolution and PMAA chemical cross-linking, according to our previous work.43
To obtain submicron hydrogels, 0.70 + 0.05 um cubical Mn,O3 particles were used which
were produced by controlling the amount of reagents and heating time (see Experimental).
SEM analysis shows that both types of Mn,O3 templates exhibit well-defined cubical
geometry and uniform porous morphology (Fig. 1a and b). Sequential infiltration of PMAA
and PVVPON inside PEI-coated Mn,O3 templates of both sizes yielded the hydrogen (H)-
bonded multilayers throughout both template volumes. After template dissolution, PMAA
was cross-linked with cystamine followed by PVPON release, which enabled formation of
the corresponding hydrogels of 2.5 + 0.2 um and 0.9 + 0.2 um at pH=7.4. As demonstrated
earlier, the crosslink density of these hydrogels can be controlled by adjusting cross-linking
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time and the cross-linker concentration.243 In the dry state, both hydrogels shrank in size to
half of their hydrated states resulting in 1.00 £ 0.05 um and 0.43 + 0.03 um particles,
respectively, as measured with SEM due to the collapsed polymer chains upon network
dehydration (Fig. 1c, d). Both types of hydrogels maintain their cubical geometry in dry
state with clearly observed edges and corners, which is consistent with our previous results
on 2- and 4-um PMAA hydrogel particles.3

Conjugation of hepsin-targeting Ile-Pro-Leu-Val-Val-Pro-Leu (IPLVVPL) peptide to the
hydrogel matrices was conducted through a thiol-amine reaction using free amine groups
remaining from single-end attachment of cystamine during PMAA cross-linking. As shown
in Scheme 1, the primary amines of the hydrogels reacted with heterobifunctional
succinimidyl iodoacetate (SIA) yielding active iodoacetyl groups capable of interacting with
the sulfhydryl groups of cysteine in IPLVVPL-PEG-Cyc-Lys[FITC]. The IPLVVPL-PMAA
hydrogels were rinsed with pH=7.4 buffer to remove non-bound peptide. After modification
with the peptide, the hydrogel particles became yellow-colored due to the FITC moiety on
the peptide ligand (Fig. 2a). The CLSM images of the 2-um IPLVVPL-PMAA hydrogel
particles revealed a bright and uniform green fluorescence throughout the entire particle
volume, indicating successful peptide conjugation to the PMAA network (Fig. 2b).

As determined by UV-vis spectroscopy, the amount of the peptide attached to the hydrogel
particles were 15.9 + 2 and 14.5 + 1.4 nmol mg™! for 700 nm and 2 pm PMAA hydrogels,
respectively. These values are not statistically different indicating that the peptide
conjugation to the hydrogel particles is not dependent on the particle size. Likewise, 700-nm
and 2-um peptide-modified hydrogels showed similar surface charges at pH = 7.4 with the
G-potential values of —=17.8 £ 0.6 mV and -18.9 £ 0.7 mV, respectively, suggesting a similar
amount of the peptide conjugated to the particle surfaces. Previous studies have
demonstrated that variation of surface charge can significantly alter particle-cell interactions,
specifically, the attachment of particles to the cellular membrane as well as internalization
kinetics.1446 Thus, the fact that 700-nm and 2-um PMAA hydrogels have similar surface
charges is important for further analyses of their interactions with cancer cells. In addition,
the negative surface charge of these hydrogels can be advantageous for /n vivo use since

anionic particles were found to have lower systematic immune response and cytotoxicity.
47,48

One of the most appealing features of cystamine-crosslinked PMAA hydrogels is the redox
sensitivity arising from the disulfide bonds created during crosslinking that leads to particle
biodegradation and fast drug release.”#4 However, the thiol-disulfide exchange between the
cysteine residues from the peptide molecules and the disulfide bonds in the PMAA
hydrogels may occur as a side reaction during the conjugation process, which could
compromise the 3-dimensional structure of these hydrogels. SEM analysis revealed that the
hydrogels retained their 3-dimensional structure with distinguishable corners and faces after
the peptide-conjugation (Fig. 2c—f). The sizes of dry IPLVVPL-PMAA hydrogels were
found to be 0.42 = 0.05 and 1.00 £ 0.05 um after the peptide-modification of 0.7 and 2 pm
hydrogels particles, respectively, which are very close to their corresponding dimensions
before modification (0.43 + 0.03 pm and 1.00 £ 0.05 um). Thus, the peptide-conjugation

Biomacromolecules. Author manuscript; available in PMC 2020 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xue et al.

Page 10

affected neither the structural integrity of the hydrogel particles nor their size or shape (Fig.
1c,d).

The chemical stability of PMAA hydrogels in the presence of the thiol groups of the peptide
ligand was assessed by turbidity analysis of the PMAA hydrogel suspensions in the presence
of IPLVVPL-PEG-Cyc-Lys[FITC]. Direct incubation of the PMAA hydrogels with the
peptide ligand resulted in decreased suspension turbidity from 100 to 8% indicating PMAA
network degradation (Fig. 3a). This result suggests that the thiol end groups in the ligand are
able to reduce the disulfide bonds in the PMAA network causing its dissolution. In contrast,
when the PMAA network was allowed to react with SIA first, the turbidity of the PMAA
hydrogel suspension did not decrease below 100% throughout the 24 h incubation (Fig. 3a),
indicating the chemical stability of the network in the presence of the peptide ligand. This
observation can be explained by the high reactivity of the iodoacetyl groups toward thiols
resulting in hindered exchange between -SH end groups of the ligand and -S-S- links of the
hydrogel. In addition, the IPLVVPL-PMAA hydrogel particles maintained their shape and
size at pH=7.4 (0.01 M phosphate) for 6 months at room temperature, suggesting their long-
term stability in solutions.

Wettability of the dry hydrogel films before and after peptide conjugation was analyzed
using contact angle measurements. The peptide-free PMAA hydrogel film shows a contact
angle of © = 48 = 1°, which is higher than the previously reported contact angle 6 < 10° for
ethylenediamine (EDA)-cross-linked PMAA hydrogel films.4° The increased
hydrophobicity of cystamine-cross-linked PMAA film as compared to their EDA-
crosslinked counterparts is due to the relatively hydrophobic nature of cystamine compared
to EDA.42 After peptide conjugation, the contact angle was measured as 49 + 2° (Fig. 3b)
which was similar to that of the unmodified hydrogel film, indicating that the peptide surface
modification had a negligible effect on the hydrogel surface wettability.

The result suggests that peptide molecules may comprise a relatively small portion of the
network and do not significantly alter the hydrophilicity of the hydrogel. Thus, both the
peptide-conjugated and peptide-free PMAA hydrogels are hydrophilic with contact angles
less than 90°.59 The hydrophilicity of the peptide-modified hydrogels is also evidenced by
their dramatic volume change upon hydration due to the hydrophilic ionizable carboxylic
groups. The 2.5 + 0.2 um hydrogels swell up to 15.6-fold their original volume at pH = 7.4
(0.01 M phosphate) compared to their size of 1.00 £ 0.05 um in the dry state. This inherent
hydrophilicity can be helpful in reducing non-specific protein adsorption and improving
biocompatibility of the PMAA hydrogel cubes.® These results indicate that ligand
conjugation to the disulfide-stabilized PMAA hydrogels through a thiol-amine reaction does
not compromise their structural integrity, morphology, or hydrophilicity, demonstrating a
facile synthetic strategy that could be applied for modifying disulfide-stabilized drug carriers
with bioactive agents.

Hydrogel degradation and drug release

We found earlier that cystamine-crosslinked PMAA hydrogels dissociated in the presence of
intracellular 5 mM glutathione (GSH), a tripeptide enzyme capable of reducing disulfide
bonds to the corresponding thiols in cells.*2 We investigated the redox-induced degradation
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of the 2-um IPLVVPL-PMAA hydrogels due to reduction of the disulfide links in the
PMAA network by analyzing the turbidity of the hydrogel particle solutions before and after
the peptide-attachment using fluorometry. The turbidity of the IPLVVPL-PMAA hydrogel
solution did not change during 6 h incubation at pH = 7.4 (0.01 M phosphate) indicating
their stability at physiological conditions (Fig. 4a). In contrast, the IPLVVPL-PMAA
hydrogel solution showed decreased turbidity after only 10 min in the presence of 5 mM
GSH, and became completely transparent in 5 hours with only 1.0 £ 0.8% turbidity
measured in solution (Fig. 4a). In comparison, the peptide-free PMAA hydrogel particles
degraded faster than the IPLVVVPL-PMAA hydrogels, with a relative turbidity of 28 + 2%
after 1 h incubation in the GSH solution, compared to that of 54 + 2% for the IPLVVPL-
PMAA particle solution. The complete degradation of the peptide-free PMAA hydrogel
particles occurred after 2-h incubation in GSH resulting in the residual relative turbidity of 2
+ 1% (Fig. 4a). Evidently, the peptide modification slowed down the diffusion of GSH
inside the particles, similarly to the slowed GSH-induced degradation of the PMAA
hydrogel cubes with encapsulated hydrophobic BA-TPQ anticancer drug reported in our
previous work. 44

The peptide-PMAA hydrogel particles were also loaded with the anticancer drug
doxorubicin (DOX) and the drug release from the IPLVVPL-PMAA hydrogels was studied.
The loading capacity was measured as (7.32 + 2.8)x1074 ng per hydrogel particle by UV-vis
spectroscopy. The DOX loading was similar to that of peptide-free PMAA hydrogels, (6.8 £
0.8) x107# ng per hydrogel particle,2 which indicated that the IPLVVPL conjugation did
not affect the ionic interaction between DOX and the hydrogel network. DOX release from
the particles was analyzed at pH=7.4 in the presence or absence of GSH, and at pH=5.0
which mimics the intracellular lysosome environment.

The cumulative DOX release was 23 + 4% and 58 + 4% at pH = 7.4 and pH = 5,
respectively, after 24 h incubation at 37 °C, indicating slow drug release at physiological pH
(Fig. 4b). The faster DOX release at lower pH is due to the lower degree of ionization of the
carboxyl groups in acidic conditions that weakens the interaction between DOX and the
hydrogels. In contrast to these results, the presence of 5 mM GSH at pH=7.4 significantly
increased DOX release to 97 + 1% after 24 h incubation due to the dissolution of the
hydrogel because of the disulfide cleavage (Fig. 4b). The above results suggest that the
majority of DOX releases at pH = 7.4 when the network is dissociated in the presence of
GSH, which correlates with previous reports from others where decreasing solution pH or
elevating the concentration of a reducing agent can enhance the drug release.52-:5354 |n
addition, dissociation of the hydrogel particles to PMAA molecules with M, ~ 21 kDa can
minimize their systemic toxicity as they can be easily excreted via the kidneys.>4:55

Although biocompatibility of PMAA hydrogel capsules crosslinked with disulfide linkages
has been demonstrated in non-malignant cells earlier,56 the cytotoxicity of the peptide-
conjugated PMAA hydrogels was evaluated in this work using an MTT assay. Both the
peptide-free and peptide-conjugated hydrogels were non-toxic to MCF-7 cells with the cell
viability above 95% after 72 h incubation with the hydrogel particles (Fig. 4c). The data
indicates that the conjugation of the peptide molecule into the network did not induce
toxicity to cells. The results are also in agreement with the reported improved
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cytocompatibility of PMAA-containing nanogels and hydrogel capsules,®”74 as compared to
other LbL polyelectrolyte capsules (e.g. alginate/polylysine) which showed cytotoxicity.37

We evaluated the colloidal stability of 2-um DOX-loaded IPLVVPL-PMAA hydrogel
particles /in vitro by incubating the particles in PBS solution containing 10% FBS at 37 °C
for 24 h followed by visualization with confocal microscopy (Fig. 5).

Before serum addition, the bright red fluorescence from DOX was found to co-localize with
the green FITC fluorescence that was used to visualize the PMAA network, which indicated
that DOX was uniformly distributed throughout the particle volume (Fig. 5, left column).
After 24 h incubation in serum, the DOX-loaded IPLVVPL-PMAA hydrogel particles
retained the strong red fluorescence (DOX) which suggested the excellent capability of the
hydrogel particles for DOX retention. Moreover, the serum exposure did not lead to particle
aggregation, due to the hydrophilicity of the particles.58 This result correlates well with an
earlier report where PMAA hydrogel capsules had a low level of interaction with serum.56 In
addition, the presence of 2-mer PEG segments in the peptide ligand used for PMAA
hydrogel conjugation may also be advantageous in impeding the hydrogel-serum interaction
due to the well-known low-fouling nature of PEG.59: 60

Effect of particle size on interaction of peptide-free PMAA hydrogel particles with MCF-7
cells

To evaluate the /n vitro interactions of the PMAA hydrogel cubes with cells, 700 nm and 2
um peptide-free and IPLVVPL-PMAA hydrogels were incubated with hepsin-positive
MCEF-7 cells for various time periods. We found that even without a targeting ligand, the
PMAA particles of both sizes were moderately internalized by the MCF-7 cells. The CLSM
images in Figure 6 demonstrate that while many 2-um PMAA hydrogels were attached to
the cell surface (the cell membrane is labeled with red fluorescence) after 3 hours of
incubation, fewer 700 nm hydrogels can be observed in the vicinity of the cell membranes
(Fig. 6a, b) after that time. However, the 700 nm PMAA hydrogel internalization became
more pronounced after 24 h incubation with the cells, although to a lesser extent than that in
the case of larger 2-um PMAA hydrogels (Fig. 6c, d).

Internalization of the hydrogels by MCF-7 cells after 1, 3, 6 and 24 hours of incubation was
quantified using flow cytometry (Fig. 6e). The internalization kinetics showed that the
cellular uptake was dependent on both particle size and the incubation time. The percentage
of cells with internalized 700 nm hydrogels consistently increased from 3.8 + 0.9 % to 14.2
+ 0.9 % (p<0.01), to 25 £ 2 % (p<0.05), and to 34 £ 6 % in 1, 3, 6, and 24 hours,
respectively. In contrast, 2 um particles showed a two-fold increase in the cellular uptake
from 22 £ 5 to 46 £ 3% in 1 and 3 hours respectively, followed by no changes in particle-cell
interactions for longer incubation times, which could be due to the early occurrence of
saturation in cellular internalization. The latter result correlates with the previous work on
cell internalization of 2 — 5 pm cubical PRINT particles by HelL a cells that reached a plateau
within 1 h of incubation.®? In a relevant example, the cellular uptake kinetics of shaped
hydrogel discs and rods in different cell lines indicated a time-dependent manner of cellular
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internalization over 2080 hours.24 The reported observations suggest that the kinetics of
cell-particle interaction is contingent upon the particle properties and cell type.

The micrometer-sized hydrogel uptake is mostly due to micropinocytosis and/or
phagocytosis, which are non-specific mechanisms for cellular internalization.62-63.64 The
previous works have applied different pharmaceutical/chemical inhibitors interfering the
internalization pathways to understand the mechanisms of cellular uptake of 2—4 um (poly-
(sodium 4-styrene sulfonate)/poly-(allylamine hydrocholoride)) PSS/PAH capsules.5* The
results indicated that addition of methyl-beta-cyclodextrin (interfering macropinocytosis)
and bafilomycin A, (interfering phagocytosis) significantly decreased particles
internalization by MDA-MB-231 breast cancer cells with 93% and 84% of inhibition,
respectively.54 In contrast, chlorpromazine, dynasore, potassium depletion and nystatin
treated groups only showed 17% to 0% inhibition of capsule uptake, indicating the clathrin-
and caveolae-endocytosis were not dominant in 2-4 um capsule internalization.54 A study
on more rigid polystyrene particles (3 um) showed cytochalasin D (phagocytosis inhibitor)
could completely inhibit particle internalization by SKBR-3 breast cancer cells while
dynasore did not affect uptake of particles.5> Therefore, micropinocytosis and/or
phagocytosis can be considered the main mechanisms responsible for the internalization of 2
um PMAA hydrogels by MCF-7 breast cancer cells. Despite that uptake of particle larger
than 1 um can be facilitated by macropinocytosis®® and 2-3 um particles have better
phagocytosis rate?, these two mechanisms also contribute to the cell internalization of
supranano particles (>500 nm).24:32.62.63 | addition, a clathrin-dependent endocytic
mechanism might also be involved in the cellular uptake of 700-nm PMAA hydrogels. The
clathrin-mediated endocytosis was reported to be mainly responsible for the internalization
of macromolecules or small particles,58 however, several studies found that this mechanism
was also predominant in the internalization of particles larger than 500 nm. For instance,
Zelikin et al. found that soft PMAA capsules with sizes ranging from 300 nm to 1 um can be
internalized by cells through a clathrin-mediated pathway.®® Likewise, 1-um PRINT
particles internalization was explained through clathrin-mediated endocytosis where about
80% of cell uptake inhibition was observed upon chlorpromazine addition.51.70 Thus, we
suggest that clathrin-mediated endocytosis along with micropinocytosis/phagocytosis are
involved in the cellular uptake of 700-nm hydrogel cubes; while micropinocytosis/
phagocytosis are mainly responsible for the internalization of 2-um PMAA hydrogels.

Another observation is that the uptake of 2-uym PMAA hydrogels is significantly enhanced
compared to their smaller 700-nm counterparts at each time point (Fig.6e; p <0.01 for 1, 3
and 6 h, and p < 0.05 for 24 h). The greater internalization extent of the larger PMAA
hydrogel particles indicates their amplified association with the cells at the early time of
incubation. Indeed, a particle binding to the cell surface was found imperative to initiate the
cellular uptake of particles regardless of internalization mechanisms.2%71 In this regard, an
increase in the particle size could improve the non-specific binding to the cells as a result of
the larger contact area between the particle surface and cell membrane.2® The difference in
the particle sedimentation is another important factor influencing cell internalization.24 A
faster sedimentation of 2 um PMAA hydrogels can generate a high particle concentration
near the cell membrane in a shorter time which promotes binding and internalization.
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Similar results have been observed in the cellular uptake of hydrogel discs and rods with
larger particles being internalized more efficiently.24

In this work, the hydrogel particle size variation is the main factor that leads to the
difference in the internalization kinetics since both larger and smaller of hydrogels have the
same chemical composition and shape. The cell-binding enhancement and sedimentation
acceleration induced by the increase in the particle size results in faster internalization of
larger PMAA hydrogels due to non-specific interactions with the cell membrane. Thus, for
the peptide-free PMAA particles, their non-specific internalization is mainly controlled by
the particle size in which the increase in size not only improves the extent of cellular uptake
but also increases the speed of internalization.

Effect of particle size on interactions of IPLVVPL-PMAA hydrogels with MCF-7 cells

To investigate the effect of the peptide-modified IPLVVPL-PMAA particle size on cellular
uptake, hepsin-positive MCF-7 cells were cultured with 2 pm and 700 nm IPLVVPL-PMAA
hydrogel cubes. The CLSM images of the cells incubated with the IPLVVPL-PMAA
particles demonstrate that a moderate uptake by the cells of the larger hydrogel particles did
not significantly change after incubation time was increased from 3 to 24 h (Fig. 7a, b),
however, the extent of the particle internalization by the cells dramatically increased in the
case of the smaller 700 nm IPLVVPL-PMAA particles (Fig. 7c, d). The flow cytometry
analysis of the cells incubated with the particles demonstrate that 700 nm IPLVVPL-PMAA
uptake consistently progressed from 9 + 2% to 67 + 6% as incubation time increased from 1
to 24 h (Fig. 7e). In contrast, the percentage of cells that internalized 2 um IPLVVPL-PMAA
hydrogels remains mostly unchanged between 25% and 30% during 24 h incubation with
virtually no effect of the incubation time on cellular uptake of the large particles.
Importantly, the uptake of 700 nm IPLVVPL-PMAA hydrogels is 2.5-fold higher (p<0.05)
than that of their 2 um counterparts after 24 h (Fig.7e). Another observation is that the
uptake of 700 nm IPLVVPL-PMAA is ~2-fold higher than the corresponding peptide-free
PMAA hydrogels at 3, 6 and 24 h (p<0.05) (Fig. 6€). The 2 uym IPLVVPL-PMAA particles
exhibit an opposite trend and undergo suppressed uptake as compared to peptide-free PMAA
hydrogels. Thus, for example, the population of cells with internalized 2 um IPLVVPL-
PMAA hydrogels was 25+1% and 27+1% after 1- and 24 h incubation, respectively, for
IPLVVPL-PMAA, while it was 22+5% and 46+3% after 1 and 24 h incubation, respectively,
for PMAA (Fig. 6e and 7e). Therefore, 700 nm IPLVVPL-PMAA hydrogel particles are
internalized much more efficiently with ~3-fold higher uptake than their larger counterparts,
unlike PMAA hydrogels whose uptake decreased for smaller particles (Fig.6). At the same
time, 700 nm IPLVVPL-PMAA show ~2-fold greater internalization than PMAA particles
of the same size, but their larger counterparts exhibit an opposite trend.

The aforementioned results suggest that the size of particles plays an important role in
regulating their active-targeting ability. Specifically, the targeting function of IPLVVPL is
found to be more effective in the submicron PMAA hydrogels. The high affinity of the
peptide to hepsin promotes the attachment of 700 nm IPLVVPL-hydrogels to the hepsin-
overexpressing cells followed by their uptake, which is more much more efficient than the
non-specific internalization of the 700 nm peptide-free PMAA hydrogels. The peptide-
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mediated selectivity to submicron carriers was observed previously when IPLVVPL-
decorated liposomes and iron oxide nanoparticles showed improved targeting capability to
hepsin-overexpressing cells.1%11 Our results also show that active targeting ability is
suppressed in the case of the 2 um particles which indicates different mechanisms for the
IPLVVPL-PMAA hydrogels of different sizes. As reported previously, an increase in size
from nanoscale to microscale compromised tumor selectivity of A33 antigen-coated
particles due to the increased non-specific binding.2° For instance, RGD-functionalized
chitosan (CHI)/elastin-like recombinamers (ELRS) microcapsules of 3~4 um have
demonstrated similar internalization efficiency compared to the non-modified capsules,
indicating that the RGD-conjugation was not prominent in the cellular uptake.52 Likewise,
500 nm PMAA capsules had a better specific association to the targeted cell lines compared
to the larger particles.2?

The different internalization behavior of PMAA hydrogels observed here can be attributed to
the fact that the decrease in the particle size decreases the non-specific binding of the
hydrogel to the cell membrane, which, in turn, highlights the effect of the peptide-mediated
specific affinity to the targeted cells. Unlike small peptide-free PMAA particles, whose non-
specific internalization increases with increasing particle size, in the small peptide-
conjugated IPLVVPL-PMAA particles, the targeting ability of the peptide prevails over the
non-specific interactions resulting in a greater extent of internalized IPLVVVPL-PMAA than
PMAA. Indeed, the non-specific micropinocytosis should be predominant in the cellular
uptake of 2 um particles after the peptide conjugation, while ligand-mediated specific-
endocytosis plays an important role in cell internalization of small 700 nm hydrogels. Thus,
the relatively larger size of PMAA hydrogels promotes their non-specific binding; however,
it also weakens their tumor targeting ability. The phenomenon can be attributed to the
stronger initial attachment of the 2 um IPLVVPL-PMAA hydrogel cubes to the cellular
membrane due their larger surface area, followed by their suppressed internalization.

The explanation is consistent with a recent work of DeSimone and colleagues who
controlled the PRINT hydrogel-cell binding by tuning the targeting ligand density on the
hydrogels to study how the binding affinity would affect the cellular uptake of PRINT
particles.”2 Their results indicated that an increase in the ligand density could first facilitate
particle association with the cell membrane, which improved cell internalization; however,
further increasing the ligand density beyond the optimal value led to a higher surface
attachment but lower internalization of the PRINT hydrogels.”? This suggests the crucial
role of optimal surface affinity to improve the cellular uptake of particles. Thermodynamic
models also indicated that the cellular uptake could be inhibited due to the adhesion strength
induced by a higher ligand density.”3 Therefore, the decrease in the cellular internalization
of 2 um peptide-modified PMAA hydrogels observed in this work can be attributed to the
strengthened adhesion of the hydrogels to the cell membrane caused by the combination of
enhanced non-specific binding and ligand-receptor activated specific binding.

Interaction of 700-nm IPLVVPL-PMAA hydrogels with MCF-7, PC-3 and SK-OV-3 cells

To confirm the targeting ability of 700-nm IPLVVPL-PMAA hydrogel particles and study
the effect of the cell type on the hydrogel internalization, the interactions between the
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IPLVVPL-PMAA hydrogels and hepsin-positive (+) MCF-7 and SK-OV-3, and hepsin-
negative (=) PC-3 cancer cells were explored. Representative images of the cells incubated
with the peptide-conjugated 700 nm IPLVVPL-PMAA particles are shown in Figure 8a—c.
The IPLVVPL-PMAA hydrogels are strongly associated with the hepsin-positive MCF-7
and SK-OV-3 cells after 3 h incubation. In addition, some of the hydrogel particles undergo
an intracellular degradation after internalization, which can be seen as a blurring of the green
fluorescence signal in the cell plasma (Fig. 8a—c). The intracellular particle degradation
occurs due to the redox-sensitivity of the IPLVVPL-PMAA hydrogels. A similar
phenomenon was observed with biodegradable thiolated-PMAA spherical capsules, where
the fluorescent dye released from the capsules was blurred in the cytoplasm, while the
fluorescence signal from a non-degraded capsule was sharp and revealed a typical capsule
shape.’

Figure 8d shows that 700 nm IPLVVPL-PMAA hydrogel internalization by SK-OV-3 cells
increases from 34 = 5to 76 + 1% after 1 and 24 h incubation with the hydrogels,
demonstrating 3.8- and 10-fold greater cell internalization than that observed for PC-3
(hepsin-negative) cells (5+3 and 20+£7% for 1 and 24 hours of incubation, respectively). The
comparison between MCF-7 (hepsin +) and PC-3 (hepsin -) cells shows that the cell
internalization of the 700 nm peptide-modified hydrogels is 2.6- to 5.8-fold higher (p<0.05
for 3, 6 and 24 h) in the hepsin-positive MCF-7 cells. Therefore, 700 nm IPLVVVPL-PMAA
hydrogels exhibit a selective binding affinity and enhanced cellular uptake relying on the
homing function of the peptide towards hepsin. In addition, statistical analysis indicated that
the internalization of the peptide-modified hydrogels was higher in SK-OV-3 (hepsin +) than
that in MCF-7 (p<0.05) cells after 1 to 6 h incubation which could be related to the cell type.
Therefore, the enhancement in internalization of IPLVVPL-PMAA by SK-OV-3 (hepsin +)
cells can be explained by the synergistic effect of the cell hepsin-expression level and cell
growing rate. The SK-OV-3 cells were previously reported to have an augmented
internalization of IPLVVPL-attached liposomes compared to MCF-7 cells.!! In a relevant
study, the cytotoxicity of the peptide-modified liposomes was found to be higher in SK-
OV-3 than in MCF-7 cells.”

The above results demonstrate that cell association with peptide-conjugated PMAA
hydrogels is cell specific, which is an important feature for active tumor targeting. On the
other hand, the combination of negative surface charge, soft hydrogel morphology, and
submicrometer size favor passive targeting ability. Moreover, these hydrogels should exhibit
prolonged circulation in the blood due to minimized hydrogel-protein interactions,47+48
which should enhance their passive accumulation in tumors via extravasation across
interstitial gaps (~ 200 to 1200 nm)”® between vascular endothelial cells in tumor tissues.

It is worth noting that an important effect of a protein corona on particle targeting ability in
vivo is contingent depending on the protein type/concentration, particle physicochemical
properties and a ligand type.”” For example, affibody-modified particles showed enhanced
targeting ability upon human serum albumin treatment while inhibition of specific targeting
was observed for the same system after incubation with human serum.”8 The hyaluronic
acid-based capsules with protein corona were shown to exhibit improved specific
interactions with the receptor-overexpressing cells and decreased non-specific cellular
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association.”® In addition, several studies have demonstrated that small molecules, e.g. folic
acid, lactose, and peptide-conjugated delivery systems retained their targeting capability to
specific cancer cells in the presence of biological level of serum.8981.77 |In our work, the
peptide-modified hydrogels are hydrophilic and carry a negative surface charge which
should help to decrease protein adsorption on the particles.*’ The peptide sequence used in
this work has been also demonstrated to have an excellent targeting capability both in vitro
and /n vivo studies.10-11 Therefore, a protein corona may have a negligible effect on the
targeting ability of the system which will be further tested /7 vivo in our future work.

Conclusions

We developed a facile method to modify PMAA multilayer hydrogel particles with a hepsin-
targeting peptide (IPLVVPL-PEG-Cys-Lys[FITC]) through a thiol-amine reaction for active
tumor cell targeting. The IPLVVPL-PMAA hydrogel particles maintained their cubical
shape in both hydrated and dry states, were stable against aggregation in serum, and showed
dual pH/redox triggered release of doxorubicin. The surface wettability of IPLVVPL-PMAA
hydrogel film was measured with a contact angle of 6=49 + 2°, indicating its hydrophilic
nature. We also found that the particle size had a crucial effect on internalization by MCF-7
cancer cells. The 2 um peptide-free PMAA hydrogels were internalized more efficiently
compared to the 700 nm PMAA particles. After peptide-attachment, the MCF-7 (hepsin-
positive) cell internalization of 700 nm hydrogels was increased 2-fold within 3—24 h
incubation, indicating that the targeting ligand modification could improve the
internalization of 700 nm hydrogels by hepsin-positive cells. In contrast, 2 um IPLVVPL-
PMAA hydrogels had suppressed cell internalization compared to the peptide-free PMAA
hydrogels. Finally, we found that the internalization of 700 nm IPLVVPL-PMAA hydrogels
was cell specific. The peptide-modified PMAA hydrogels underwent from a 3- to 10-fold
higher uptake by hepsin-overexpressing MCF-7 and SK-OV-3 cells as compared to hepsin-
negative PC-3 cells. Accounting for soft hydrogel morphology, negative surface charge,
tunable size, and a robust and simple accessibility to ligand conjugation, these PMAA
multilayer hydrogel particles hold great potential to achieve both active and passive targeting
ability for future /n vivo tumor-targeting drug delivery.
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Figure 1.
SEM images of manganese oxide templates of (a) 2 pm and (b) 700 nm and their

corresponding PMAA hydrogel cubes (c, d).
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Figure2.
(a) A photograph of 2-um PMAA hydrogels before (left) and after (right) modification with

the targeting peptide. (b) The CLSM image of 2-um peptide-conjugated hydrogels
(IPLVVPL-PMAA hydrogels) in solution at pH = 7.4. (c, d, e, f) SEM images of IPLVVPL-
PMAA hydrogel cubes of (c, €) 2 um and (d, f) 700 nm in diameter.
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Figure 3.
(a) Relative turbidity measurements of 2-um PMAA hydrogels after peptide conjugation as

monitored using fluorometry (A = 700 nm): the solution turbidity of SIA-treated (black
circles) and untreated (blue squares) PMAA hydrogels in the presence of thiol-containing
peptide molecules (0.15 mg mL~1 IPLVVPL-PEG-Cyc-Lys[FITC], pH = 6.8). (b) The
optical image of a water drop placed on IPLVVPL-(PMAA)5 hydrogel film.
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Figure 4.
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(a) Relative turbidity (%) of 2 um peptide-free PMAA (triangles) and IPLVVPL-PMAA
hydrogel cubes (circles) after 6 h incubation in the presence of 5 mM GSH at pH=7.4 (PBS,
37 °C) as analyzed using fluorometry; the IPLVVVPL-PMAA hydrogels incubated at pH=7.4
(PBS, 37 °C) were used as control (squares). (b) DOX release (%) from 2 um DOX-loaded
IPLVVPL-PMAA hydrogels at pH=7.4 (squares), at pH = 5 (circles), and at pH = 7.4 in the

presence of 5 mM GSH (triangles) at 37 °C as analyzed by UV-vis spectroscopy. (c)

Viability of MCF-7 cells after incubation with 2 pm peptide-free PMAA (light grey) and
IPLVVPL-PMAA (white) hydrogels for 24, 48 and 72 h
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Figure5.
Confocal images of DOX-loaded IPLVVPL-PMAA hydrogels after 24-h incubation at 37 °C

in 0.01 M phosphate buffer at pH = 7.4 (left column) and in the presence of 10% serum in
0.01 M phosphate buffer at pH = 7.4 (right column).
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Figure 6.

CLSM images of MCF-7 cells after (a, b) 3 h and (c, d) 24 h incubation with (a, ¢) 2 um or
(b, d) 700 nm peptide-free PMAA hydrogels particles; The cell nuclei and membranes were
stained with DAPI (blue) and Wheat Germ Agglutinin, Alexa Fluor™ 555 Conjugate (WGA
Alexa 555) (red), respectively, while hydrogels emit green fluorescence (FITC). Scale bar is
20 um in all images. () MCF-7 cell internalization (%) of 2 um and 700 nm peptide-free
PMAA hydrogels as measured by flow cytometry. (*:p<0.05, #:p<0.01; data is represented
as mean + sd, n=2-4)
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CLSM images of MCF-7 cells after incubation with (a, b) 2 ym and (c, d) 700 nm
IPLVVPL-PMAA hydrogels for (a, ¢) 3 h or (b, d) 24 h. The cell nuclei and membranes
were stained with DAPI (blue) and Wheat Germ Agglutinin, Alexa Fluor™ 555 Conjugate
(WGA Alexa 555) (red), respectively, while hydrogels emit green fluorescence (FITC).
Scale bar is 20 pm in all images. (e) MCF-7 cell internalization (%) of 2 um and 700 nm
IPLVVPL-PMAA hydrogels as measured by flow cytometry (*:p<0.05; data is represented
as mean + sd, n=2).
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Figure8.
CLSM images of (a) MCF-7, (b) SK-OV-3 and (c) PC-3 cells after 3 h incubation with 700

nm IPLVVPL-PMAA hydrogels. The cell nuclei and membranes were stained with DAPI
(blue) and Wheat Germ Agglutinin, Alexa Fluor™ 555 Conjugate (WGA Alexa 555) (red),
respectively, while hydrogels emit green fluorescence (FITC). Scale bar is 30 um in all
images. (d) Cell internalization (%) of 700 nm IPLVVPL-PMAA hydrogels by hepsin-
positive (+) MCF-7 (white) and SK-OV-3 (light grey), and hepsin-negative (=) PC-3 (dark
grey) cells as measured by flow cytometry (*p<0.05, #p<0.01; data is represented as mean *
sd, n=2).
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Scheme 1.
The peptide conjugation to PMAA hydrogels was carried out by reaction of amines on the

hydrogel particles with succinimidyl iodoacetate (SIA) followed by linking of IPLVVPL via
thiol conjugation. The Cys-Lys linker moiety carries the fluorescent marker, FITC.
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