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Abstract

To enhance the accumulation and penetration of nanomedicines in tumor tissue, we developed and
evaluated the biological properties of matrix metallo-proteinase 2 (MMP-2)-responsive N-(2-
hydroxypropyl)-methacrylamide (HPMA) copolymer drugs and tumor-penetrating peptide
conjugates (P-DOX-PLGLAG-IRGD). Two different spacers were used in the design: a
lysosomally (cathepsin B) cleavable tetrapeptide GFLG spacer conjugated doxorubicin (DOX) to
HPMA copolymer, and an MMP-2-degradable linker (PLGLAG) connected tumor-homing and -
penetrating cyclic peptide iRGD to HPMA copolymer. The accumulation of DOX in P-DOX-
PLGLAG-iRGD-treated monolayer (2D) and multilayer (3D) DU-145 prostate cancer cells was
higher than that of control groups (P-DOX and P-DOX + iRGD). The cell cycle arrest analysis and
cytotoxicity data demonstrated that P-DOX-PLGLAG-IRGD produced a higher G2/M arrest and
possessed stronger cytotoxicity against DU-145 cells than P-DOX + iRGD or P-DOX, which was
consistent with the drug uptake results. Similarly, P-DOX-PLGLAG-iRGD demonstrated the
highest penetration ability in 3D multicellular DU-145 tumor cell spheroids. The results indicate
that covalent conjugation of iRGD via MMP-2-sensitive bonds enhances accumulation and
penetration of nanomedicines into tumor cell monolayers and spheroids.

The potential for nanomedicines to translate into the clinic for cancer treatment is limited by
their lower accumulation in desired organs and poor penetration into solid tumors.! Most
nanomedicines rely on enhanced permeability and retention (EPR) effect to enter into tumor
areas, but the EPR efficacy is often compromised by the tumor microenvironment.2 The
dense stroma, increased interstitial fluid pressure (IFP), and extracellular matrix hamper the
convection of nanomedicines into the tumor.3 The high IFP and the tight structure of tumors
also hinder nanomedicines’ transport across more than one or two cell layers. Therefore,
there are several ways to enhance the efficacy of nanomedicines and the speed of their
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translation into the clinic. One strategy is to increase the accumulation of nanomedicines in
tumors by attaching targeting moieties to drug carriers.®> Another method is to enhance the
tumor-penetrating ability of nanomedicines by conjugation with cell-penetrating peptides
(CPPs).8 The third approach is to decrease the IFP by co-administration of poly(ethylene
glycol)-modified hyaluronidase32 or hedgehog pathway inhibitors.3¢

The newly developed cyclic peptide iRGD (CRGDKGPDC), which is cleaved by cell-
surface-associated protease(s) to expose the neuropilin-1-binding RGDK sequence, can
function as both a tumor-homing and -penetrating peptide.” However, the short half-life (a
few minutes due to proteolysis and rapid renal clearance) of free iRGD limits its clinical
application.® Conjugation of peptides to larger polymers is a general strategy to prolong their
half-life.82 However, another group in addition to our own has shown that the conjugated
form of iIRGD may lose its cell-penetrating/targeting ability as compared to its free form.®
Therefore, we aimed to develop a smart drug delivery system that can prolong the half-life
of iRGD as well as preserve its penetrating/targeting ability.

To this end, we designed a matrix metalloproteinase 2 (MMP-2)-responsive drug delivery
system for treatment of prostate cancer (Figure 1). A-(2-Hydroxypropyl)methacrylamide
(HPMA) copolymer was used as the drug carrier because it is water-soluble and
biocompatible.1¢ Doxorubicin (DOX) was selected as the model drug for two major reasons:
first, the fluorescence of DOX makes it easy to track its fate; second, DOX is one of the
most commonly used anti-cancer drugs, but it has only limited penetration in prostate
cancer.10 DOX was conjugated to HPMA copolymer via a well-defined lysosomally
cleavable linker (glycylphenylalanylleucylglycine, GFLG) to limit nonspecific cytotoxicity
because the drug is only released from the conjugate after it is taken up into cells.1¢ iRGD
was conjugated to HPMA copolymer via a PLGLAG peptide spacer, which is cleaved by
MMP-2 in the tumor microenvironment.2! MMP-2 was selected as the cleavage enzyme
because the expression of MMP-2 is associated with the growth and progression of prostate
cancer.12

This strategy has at least three potential advantages. First, the conjugation of iRGD to the
HPMA copolymer—drug conjugate enhances accumulation of drug conjugates at the tumor
site due to an active targeting effect. Second, the large molecular weight of the HPMA
copolymer—iRGD conjugate increases the half-life of iRGD, resulting in increased
opportunities to interact with integrins on tumor vessel endothelial cells and tumor cells.
This also augments the accumulation of drug conjugates in the tumor. Third, the penetration
ability of free iRGD will be regained after the iRGD is released from the HPMA copolymer
conjugate in the tumor microenvironment. The accumulation and penetration of DOX
conjugates were tested in DU-145 prostate cancer monolayer cells and multicellular
spheroids. The activities of DOX conjugates were evaluated and compared by measuring cell
cycle arrest and viability.

Because iRGD requires the exposure of C-terminus to preserve its activity, we prepared the
monomer MA-GG-PLGLAG-iRGD by conjugation starting from the N-terminus of iRGD
using solid-phase synthesis (Figure 2).” The synthesis of MA-GG-PLGLAG-IRGD started
from manual attachment of the Fmoc-Cys(Acm)-OH to 2-chlorotrityl chloride resin. After
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the active group on the resin was capped with methanol, protected amino acids (Fmoc-
Asp(OBuUYH-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-Asp(OBub)-OH,
Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Cys(Acm)-OH, Fmoc-Gly-OH, Fmoc-Ala-OH,
Fmoc-Leu-OH, Fmoc-Gly-OH, Fmoc-Leu-OH, and Fmoc-Pro-OH) or MA-GG-OH were
loaded to resin sequentially via classic peptide coupling reactions. The resin-bound linear
peptide was then cyclized with thallium(111) trifluoroacetate (TI(OOCF3)3). The cyclization
reaction on resin is able to avoid the formation of intermolecular disulfide bonds between
two linear iRGDs. Finally, the crude product MA-GG-PLGLAG-IRGD was cleaved from
resin by mixing the dried resin-bound peptide with a mixture solution (TFA/TIPS/H,0=
95/2.5/2.5) and purified with a semipreparative HPLC. The structure of monomer MA-GG-
PLGLAG-IRGD was confirmed by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectroscopy. As shown in Figure S1, the peak at /m/21638.79
corresponds to [M+H]* of the monomer MA-GG-PLGLAG-iRGD. The procedure for the
synthesis of iRGD was similar to that of MA-GG-PLGLAG-iRGD with minor modification
(Figure S2). The peak at /7/2948.37 in Figure S3 corresponds to [M+H]" of the free iRGD.

The conjugates P-DOX-PLGLAG-IRGD (Figure 3) and PDOX (Figure S4) were prepared
by copolymerization of HPMA13 with MA-GFLG-DOX* and MA-GG-PLGLAG-iRGD, or
HPMA and MA-GFLG-DOX, respectively. The number- and weight-average molecular
weights and molecular weight distribution (M,/M,) of conjugates P-DOX and P-DOX-
PLGLAG-iRGD were measured with size exclusion chromatography. The DOX content in
conjugates P-DOX and P-DOX-PLGLAG-iRGD was calculated by measuring the DOX UV
absorbance in methanol. The iRGD content in conjugate P-DOX-PLGLAG-iRGD was
determined by amino acid analysis. Aspartic acid and alanine were used for calibration. The
molecular weights, M,/M,, DOX, and iRGD content in DOX conjugates are summarized in
Table 1. The average number of iRGD units in one polymer chain was 4.59. For detailed
descriptions, see the SI.

To test the cleavability of PLGLAG spacer in a tumor microenvironment, polymer P-DOX-
PLGLAG-iRGD was incubated with human recombinant MMP-2 enzyme, and the cleavage
product was analyzed with LC-MS. As shown in Figure S5B, a new peak appeared at a
retention time (4) of 6.80 min; it was attributed to the cleaved product LAG-iRGD (Figure
S6). The detected active MMP-2 concentration in DU-145 cell culture media was 463 + 144
pg/mL, as measured by ELISA assay (Life Technologies), according to the manufacturer’s
protocol. To test the cleavability of GFLG spacer, polymer P-DOX-PLGLAG-IRGD was
incubated with lysosomal enzyme cathepsin B. Monomer MA-GG-DOX (Figure S7) with
noncleavable spacer was used as the control. DOX was released from P-DOX-PLGLAG-
iRGD but not from MA-GG-DOX (Figure S8).

To assay the accumulation of DOX in monolayer prostate cancer cells, we used confocal
microscopy (Figure 4A) and flow cytometry (Figure 4B) to quantitatively measure DOX
fluorescence intensity in DU-145 cells after incubation with P-DOX-PLGLAG-iRGD and
controls. Higher fluorescence intensity was detected in P-DOX and P-DOX plus iRGD-
treated groups compared to nontreated and iRGD-treated group. The P-DOX-PLGLAG-
iRGD-treated group showed the highest cellular uptake and accumulation of DOX. In
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contrast, the mixture of iIRGD with P-DOX only resulted in a slight increase of uptake and
accumulation of P-DOX in DU-145 cells at the tested concentration and incubation time.

It has been reported that the treatment of prostate cancer DU-145 cells with DOX resulted in
G2/M arrest.1> We performed a cell cycle arrest assay to check whether the enhanced
accumulation of DOX in the P-DOX-PLGLAG-iRGD-treated group leads to increased
G2/M cell cycle arrest. Consistent with DOX accumulation results, the highest percentage
(41.6 £ 7.2%) of cells in the G2/M phase was found in the P-DOX-PLGLAG-iRGD- treated
group, whereas a mixture of iRGD and P-DOX induced a milder increase in G2/M arrest
(32.9 + 6.4%) (Figure 5). These results further demonstrated that the conjugated form of
iRGD enhanced the accumulation of HPMA copolymer-DOX conjugates in DU-145 cells.

The cytotoxicity of DOX conjugates and related controls against DU145 cells was
determined using the CCK-8 assay after the cells were incubated with P-DOX-PLGLAG-
iRGD and related controls for 12 or 24 h. As expected, the conjugate P-DOX-PLGLAG-
iRGD was more toxic to DU-145 cells than P-DOX or the mixture of P-DOX and iRGD
(Figure 6). The high cytotoxicity of P-DOX-PLGLAG-IRGD could be attributed, at least in
part, to its fast intracellular uptake. The fact that the conjugate P-DOX-PLGLAG-IRGD is
more toxic than the mixture of P-DOX and iRGD further supports the conclusion that the
biorecognition of RGD by integrins on the DU-145 cell surface possibly facilitates
internalization of the drug conjugate.

Multicellular tumor spheroids (MTSs) are considered one of the primary tools for drug
development.16 Because the VEGF production, Ki-67, and gene expression profiles in
multicellular prostate cancer spheroids are similar to those of the solid tumors in immune-
deprived mice, we next tested the penetration and accumulation of DOX conjugates in
DU-145 MTS.17 The penetration of DOX conjugates was monitored by measuring DOX’s
intrinsic fluorescence in formalin-fixed DU-145 MTS via confocal microscopy. The images
were converted to surface plots using Image-J software. As shown in Figure 7, the highest
fluorescence intensity was observed in P-DOX-PLGLAG-iRGD-treated spheroids over other
control-treated spheroids. The accumulation of DOX conjugates in DU-145 MTS was
measured by analyzing the DOX fluorescence in disassociated cells with flow cytometry
after the spheroids were incubated with P-DOX-PLGLAG-iRGD and controls for 24 h
(Figure 8). Consistent with monolayer cell accumulation results, the cells in the P-DOX-
PLGLAG-iRGD-treated group possessed the strongest fluorescence intensity. Spheroids
exposed to a mixture of P-DOX and iRGD, or to P-DOX alone, also had enhanced
fluorescence intensity compared to nontreated or iRGD-only-treated groups.

In this study, a stimuli-responsive drug delivery system with iRGD conjugated to a HPMA
copolymer-DOX conjugate via an MMP-2 cleavable spacer was developed. The chemistry
for preparing MA-GG-PLGLAG-IRGD can be applied for iRGD derivatization. Conjugation
of iRGD to a drug carrier via a PLGLAG spacer enhanced the accumulation and penetration
of our DOX conjugate in both monolayer and multicellular spheroid models of prostate
cancer, as evidenced by enhanced cell cycle arrest and cell death. Consistent with the results
from another research group,18 we further demonstrated that tumor spheroids are an
excellent model for testing drug penetration before moving to in vivo evaluation. The results

JAm Chem Soc. Author manuscript; available in PMC 2016 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peng and Kopecek Page 5

presented here open up avenues for modifying nanoconjugates with iRGD to enhance their
tumor-targeting and -penetrating ability.
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Figure 1.

Schematic illustration and proposed fate of P-DOX-PLGLAG-IRGD.
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Figure2.
Scheme showing the synthesis of monomer MA-GG-PLGLAG-iRGD.
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Figure 3.
Scheme showing the synthesis of polymer conjugate P-DOX-PLGLAG-IRGD.
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Figure 4.
Accumulation of DOX conjugates and controls in DU-145 monolayer cells as determined by

DOX fluorescence: (A) confocal microscopy and (B) flow cytometry.
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Figureb.

(A) Average percentages of DU-145 cell cycle distribution after treatment with DOX

Page 11

conjugates and related controls. Percentage of cells in (B) G1 phase and (C) G2/M phase.
Averaged data are presented as mean + SD. Statistics: one-way ANOVA plus Dunnett’s
post-hoc test (P< 0.05 = *; not significant = n.s).
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%Cell Viability

Figure6.
In vitro cytotoxicity of P-DOX-PLGLAG-IRGD and related controls against DU-145

prostate cancer cells: (A) 12 h and (B) 24 h. Statistics: one-way ANOVA plus Tukey’s post-
hoc test (P< 0.001 = *** 0.001 < < 0.01 =**,0.01 < P< 0.05 = *, not significant = n.s).
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Penetration of DOX conjugates and controls in DU-145 MTS (surface plots of images): (A)
control, (B) iRGD, (C) P-DOX, (D) PDOX + iRGD, and (E) P-DOX-PLGLAG-iRGD.
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Figure8.
Accumulation of DOX conjugates and controls in DU-145 cells from MTS.
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