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he use of pharmaceutical nanocar-

riers to enhance the in vivo efficacy

of many drugs has become well-
established itself over the past decades.' For
cancer chemotherapy, site-specific delivery
of chemotherapeutic agents to tumor cells
is required to prevent undesirable side ef-
fects on normal cells, organs, and tissues by
toxic drugs and to increase drug bioavail-
ability and the fraction of the drug accumu-
lated in the tumor.?

In most cases, the passive targeting stra-
tegies that benefit from the longevity of
nanocarriers of medicines and the enhanced
permeability and retention (EPR) effect at
tumors were often not sufficient to accu-
mulate an optimal dose of a drug in the
tumor.? To enhance targeted delivery of
nanopreparations into tumors, the most
commonly used strategy has been surface
modification of the nanocarriers with tar-
geting moieties including monoclonal anti-
bodies (e.g., anti-transferrin receptor mAb3
and anti-nucleosome mAb*®), peptides
(e.g., Arg-Gly-Asp (RGD)®), and small mol-
ecules (e.g., folate” and galactose®?), which
were specific for the antigens or up-regu-
lated receptors on the surface of tumor cells.

The significant internal physiological
changes (stimuli) during or after tumor for-
mation including lowered extracellular pH'®
and an altered pattern of the extracellular
proteins,''? or the use of external stimuli
including magnetic field,'*'* temperature,'*'®
ultrasound,'® and light,"” have been used
to design stimulus-responsive pro-drugs
or nanocarriers to improve the efficacy of
anticancer therapy.

Although the longevity, targeting ligands,
and stimuli-responsive moieties of nano-
medicines significantly increased the drug
disposition in the tumor area, insufficient
cellular internalization of nanomedicines
can be another significant barrier, especially
for macromolecular drugs such as proteins
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A novel “smart” multifunctional drug delivery system was successfully developed to respond to
the up-regulated matrix metalloprotease 2 (MMP2) in the tumor microenvironment and
improve cancer cell-specific delivery of loaded drugs. The system represents a surface-
functionalized liposomal nanocarrier, for which two functional polyethylene glycol
(PEG)—lipid conjugates were synthesized and characterized. The functionalized liposome
was further modified with the tumor cell-specific antinucleosome monoclonal antibody (mAb
205). In the resulting system, several drug delivery strategies were combined in the same
nanocarrier in a simple way and coordinated in an optimal fashion. The functions of the
nanocarrier include (i) the hydrophilic and flexible long PEG chains to prevent nanocarrier
nonspecific interactions and prolong its circulation time; (ii) a nanoscale size of the system that
allows for its passive tumor targeting via the enhanced permeability and retention (EPR)
effect; (iii) a mAb 2C5 to allow for the specific targeting of tumor cells; (iv) a matrix
metalloprotease 2-sensitive bond between PEG and lipid that undergoes cleavage in the tumor
by the highly expressed extracellular MMP2 for the removal of PEG chains; (v) cell-penetrating
peptide (TATp) triggering of the enhanced intracellular delivery of the system after long-chain
PEG removal and exposure of the previously hidden surface-attached TATp. It is shown that
such a design can enhance the targetability and internalization of nanocarriers in cancer cells.

KEYWORDS: multifunctional nanocarrier - tumor targeting -
stimulus-responsive - matrix metalloprotease 2 - cell-penetrating peptide -
monoclonal antibody

or nucleic acids. To enhance the intracel-
lular uptake, other delivery moieties (cell-
penetrating proteins/peptides (CPPs), such
as TATp) were used to modify the nano-
medicines since they were shown to be
efficient in aiding translocation across the
plasma membrane.'®

To date, several of the above strategies had
been extensively investigated. However, on
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Figure 1. MMP2-responsive multifunctional liposomal nano-
carrier and its drug delivery strategy. The multifunctional
liposomal nanocarriers are retained in the tumor site due to
the EPR effect and the active targeting effect by the anti-
cancer mAb 2C5. The up-regulated MMP2 in the tumor
microenvironment cleaves the MMP2-sensitive linker and
removes the protective long-chain PEG, resulting in the
exposure of TATp for the enhanced cellular internalization.

the basis of the reported data, there is still room for further
improvement in terms of drug targetability. Most recently,
“dual-"® %" or even “multi-"'® functional drug carriers
have been proposed and developed, which function
together to maximize the efficacy and minimize the drug
side effects.”

In the current study, we report on the design of a
novel multifunctional nanocarrier, which responds to
the overexpressed extracellular matrix metalloprotease
2 (MMP2)," resulting in the enhanced tumor targetability
and internalization. In previous studies, the MMP2 sub-
strates including cleavable peptides had been designed
and demonstrated to be degradable in the presence of
MMP2.""??" |n our design, the MMP2-cleavable octa-
peptide (Gly-Pro-Leu-Gly-lle-Ala-Gly-GIn) was used as a
sensitive linker between a liposomal lipid and its long-
chain PEG block to serve as a steric shield for the
nanoparticle and surface-attached cell-penetrating
function (TATp) in the blood. When in the tumor
microenvironment, the peptide is expected to be
cleaved by the highly expressed extracellular MMP2,
leading to the exposure of TATp and enhanced intra-
cellular penetration.

The structure and delivery strategy of the novel multi-
functional liposomal nanocarrier are illustrated in Figure 1.
Several functions were built into this nanocarrier that were
expected to be coordinated in an optimal fashion. The
functions of the nanocarrier included (i) the passive tumor
targeting by the EPR effect due to longevity imparted by
its long PEG chains; (i) the prevention of the nonspecific
intracellular uptake on the way to the tumor by steric
shielding of TATp moieties with the long-chain PEG; (iii)
the active tumor targeting by a surface-attached cancer-
specific monoclonal antibody (mAb 2C5); (iv) the detach-
ment of the long-chain PEG in the tumor due to the
cleavage of the MMP2-cleavable linker between the long-
chain PEG and the nanocarrier, resulting in the exposure
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of the cell-penetrating TATp; and (v) the enhanced cellular
internalization by TATp-mediated endocytosis.

Here, we described the synthesis of the key func-
tional conjugates, TATp-polyethylene glycol (2000)-1
2-dioctadecanoyl-sn-glycero-3-phosphoethanolamine
[TATp-PEG(2000)-DSPE] and maleimide-polyethylene
glycol (3400)-MMP2 cleavable peptide-1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine [MAL-PEG(3400)-
peptide-DOPE], the preparation and surface modifica-
tion of the nanocarrier, and the functionality study of
MAL-PEG(3400)-peptide-DOPE before and after incor-
poration into the nanocarrier. We also demonstrate the
enhanced in vitro cellular uptake of the MMP2-respon-
sive multifunctional nanocarrier by normal and cancer
cells as measured with fluorescence-activated cell sort-
ing (FACS).

RESULTS AND DISCUSSION

The incorporation of stimulus-responsive moieties
into the targeted delivery systems may achieve precise
targetability and controlled release of drug molecules,
resulting in the improvement of their therapeutic
profiles.®'%'* Previously, we described a double-
targeted pH-responsive drug delivery system utilizing
a lowered pH-cleavable polymer (PEG-Hz-PE) that pro-
vided the enhanced cellular internalization of the
nanocarriers in the tumor microenvironment.'®

The altered production of certain extracellular protein
in the tumor microenvironment can be significant. MMPs,
especially MMP2 and MMP9, are known to be involved in
the invasion, progression, and metastasis of most human
tumors due to the degradation of the surrounding con-
nective extracellular matrix (ECM)."" MMP2 is overex-
pressed in breast cancer, colorectal cancer, lung cancer,
liver cancer, prostate cancer, pancreatic cancer, and
ovarian cancer."" Here, the extracellular MMP2 was used
as a stimulus to trigger the enhanced tumor targeting in
our newly designed nanocarrier.

Synthesis of the Functional Polymers. The key elements
of the suggested nanocarrier were the two functional
polymers, TATp-PEG(2000)-DSPE and MAL-PEG(3400)-
peptide-DOPE. TATp-PEG(2000)-DSPE was responsible
for the enhanced intracellular uptake, while MAL-PEG-
(3400)-peptide-DOPE was responsible for the stimulus
(up-regulated MMP2 in tumor's ECM) response as well
as for the conjugation of the targeting mAb 2C5 with
the liposome surface. Both, TATp and MMP2-cleavable
peptide have demonstrated the effectiveness in the
drug delivery studies.'2%2

Scheme 1A is the synthesis scheme for TATp-PEG-
(2000)-DSPE. At pH 6—8, the maleimide group of
maleimide-PEG(2000)-DSPE efficiently reacted with
the sulfhydryl group of cysteine-modified TAT peptide.
After the conjugation and purification, because
of the increased hydrophilicity, TATp-PEG(2000)-DSPE
remained near the starting point on the thin layer
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Scheme 1. Synthesis of TATp-PEG(2000)-DSPE (A), MAL-
PEG(3400)-peptide-DOPE (B), and surface modification of
liposomes with mAb 2C5 (C).

chromatography (TLC) plates as visualized by three
staining methods (Figure 2A).

Scheme 1B shows the synthesis scheme for MAL-
PEG(3400)-peptide-DOPE. To introduce the MMP2-
cleavable peptide between the long-chain PEG and
the lipid, the primary amine of MMP2-cleavable pep-
tide was first reacted with the N-hydroxysuccinimide
(NHS) group of the heterobifunctional PEG derivative,
MAL-PEG(3400)-NHS, to form an amide bond. After the
reaction, the excess of MMP2 peptide and the released
NHS were removed by dialysis. The reaction and puri-
fication processes were monitored by reverse phase
HPLC (RP-HPLC) and TLC. In the HPLC chromatogram
(Figure 2B), the peaks of MMP2 peptide (tg = 9.1 min)
and MAL-PEG(3400)-NHS (tg = 11.8 min) completely
disappeared while a new peak of MAL-PEG(3400)-
peptide (tg = 12.1 min) was seen. This change indicated
the completion of the product purification. The con-
jugation reaction and the purification were further
confirmed by the TLC (Figure 2C), where the conjugate
stayed at the starting point with no migration after
staining by either Dragendorff's reagent or ninhydrin
spray reagent. The purification procedure precluded a
possible reaction between the unreacted peptide and
DOPE in the following synthesis. In the second step, the
purified MAL-PEG(3400)-peptide was activated by the
coupling reagents NHS/EDC and reacted with DOPE via
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Figure 2. Characterization of TATp-PEG(2000)-DSPE, MAL-
PEG(3400)-peptide, and MAL-PEG(3400)-peptide-DOPE. (A)
TLC chromatograms of TATp-PEG(2000)-DSPE. (B,C) RP-
HPLC and TLC chromatograms of MAL-PEG(3400)-peptide,
respectively. (D) TLC chromatogram of MAL-PEG(3400)-
peptide-DOPE. The developing solvent for TLC was chloro-
form/methanol (4/1,v/v). The PEG chains were visualized by
Dragendorff's reagent. The peptides were visualized by the
ninhydrin spray reagent. The phospholipids were visualized
by the molybdenum blue spray reagent. The HPLC chroma-
tograms were collected at 214 nm using gradient solvent
conditions: 0—15 min, 5—75% ACN; 15—15.1 min, 75—100%
ACN; 15.1—20 min, 100% ACN; 20—20.1 min, 100—5% ACN;
20.1—25 min, 5% ACN, with a flow rate of 1.0 mL/min at
room temperature.

the esterification reaction. The product, MAL-PEG(3400)-
peptide-DOPE, was separated from the reactants by
preparative TLC. The conjugation of MAL-PEG(3400)-
peptide with DOPE delayed its migration compared to
free DOPE in the TLC plate stained by molybdenum blue
spray reagent (Figure 2D). MAL-PEG(3400)-peptide and
MAL-PEG(3400)-peptide-DOPE were further confirmed
by functionality studies (Figure 3B—F).

Functionality Study of the MMP2-Cleavable Peptide and Its
Conjugates. Before liposome preparation, the function-
alities of the MMP2-cleavable peptide and its conju-
gates were evaluated by the enzymatic digestion using
active human MMP2. The digest fragments were iden-
tified by both RP-HPLC and TLC. The MMP2-cleavable
peptide has been reported to be cleaved at the site
between glycine and isoleucine and became two small
residues (Gly-Pro-Leu-Gly and lle-Ala-Gly-GlIn) in the
presence of active MMP2."" In the HPLC chromatogram
(Figure 3A), two new peaks (tz = 6 and 8.2 min) were
seen, while the peak of the MMP2-cleavable peptide
(tg = 9.2 min) disappeared with the increase of MMP2
concentration. For MAL-PEG(3400)-peptide, only one
new peak (lle-Ala-Gly-GIn) with the retention time of
6 min was shown in the chromatogram after the cleav-
age because the peak of MAL-PEG(3400)-Gly-Pro-Leu-
Gly could not be differentiated from its original form

VOL.6 = NO.4 = 3491-3498 = 2012 @%{Q}

WWwWW.acsnano.org

3493



A Gly-Pro-Lew-Gly

= HBSS + 10ng/uL MMP2

MAL-PEG(3400)- ‘

: B MAL-PEG(3400)-peptid
MMP2 cleavable peptide peptide
lle-Ala-Gly-Gin ‘ / Ao pep I | Gly-Pro-LeuGly || +0ng/LMMP2 LY
\lf f === MMP2 cleavable peptide ‘ \ — MAL-PEG(3400)-peptide 1
H \ +1ngluLMMP2 | ‘ +1ng/uLMMP2 o Digest
LU == MMP2cleavable peptide || ‘ <7 9
“ / | N +10ng/uLMMP2 }\ || lle-Ala-Gly-Gin — MAL-PEG(MOO}pepﬁdeF fragment
M J ﬁ’\\ | | ‘/ +10ng/uL MMP2 y\ .
AL Y I
- ./r“ — MMP2 cleavable peptide), “ f\ . \\\ W ¥ g’ L
A | 7 R | e S & & &
[ N ] & s £ F
Ll ) S o3 2
N — J X V & IS oL 9
— P — Y ! FA O WS g
— i \——— | MAL-PEG(3400)-peptide & LS TN 3
R ¥ X
T T = T Ny A
MAL-PEG(3400)-Gly-Pro-Leu-Gly E ‘ Mal-PEG(3400)-peptide
+Mal-PEG-peptide-DOPE F ]
\ +0ng/uLMMP2 N
-~ | oy |l = MalPEG(3400MMP2 ||
T ‘ L‘:’_‘:Eg(li‘wo) Gly- 1 +Mal-PEG-peptide-DOPE r
S +10ng/uLMMP2 DOPE —>
MALZQJ(Q&!}\ W M | ‘J MAL- =4 A
¥ peptide-DOPE || — . PEG(3400) | L
i \r\/ ‘ ]& L “pentide. |
[ MAL-PEG(3400)-peptide-DOPE v | I— (Wala DOPE o =
“/ H FongiuLMMP2 I ~ /‘ 'kl‘ i Y AALRY ton
/ == MAL-PEG(3400)-peptide-DOPE MaI-PEG(34.00)-peptwds~DOPE £l A
+1ng/uLMMP2 /- \
=== MAL-PEG(3400)-peptide-DOPE DOPE Ong/pl 1ng/ul 10ng/ul
+10ng/uLMMP2 Ml\fppz Ml\ﬁsz MMng

Figure 3. Cleavage assays of the MMP2-cleavable peptide and its conjugates. The peptide and its conjugates were treated
with the active human MMP2 at two concentrations, 1 and 10 ng/uL, in HBS at 37 °C for 24 h. The reactions were followed
using both RP-HPLC and TLC. Panels A, B, D, and E show the RP-HPLC chromatograms of the MMP2-cleavable peptide (A),
MAL-PEG(3400)-peptide (B), MAL-PEG(3400)-peptide-DOPE (D), and the mixture of MAL-PEG(3400)-peptide and MAL-PEG-
(3400)-peptide-DOPE (E). Panels C and F show the TLC chromatograms of MAL-PEG(3400)-peptide (C) and MAL-PEG(3400)-
peptide-DOPE (F). The conditions for HPLC and TLC were the same as those in the conjugate characterization section.

(MAL-PEG(3400)-peptide) due to their close retention
times (around 12 min) (Figure 3B). A similar phenom-
enon was reported for other PEGylated peptides.” The
enzymatic cleavage was also supported by the move-
ment of the digest fragments compared to its original
form on the TLC plate (Figure 3C). For MAL-PEG(3400)-
peptide-DOPE, the peak of the conjugate (tz = 12.4
min) disappeared, while the peak of PEGylated peptide
residue (MAL-PEG-Gly-Pro-Leu-Gly) (tg = 12 min) was
seen after the MMP2 treatment (Figure 3D). To further
verify the cleavage, the mixture of MAL-PEG(3400)-
peptide-DOPE and MAL-PEG(3400)-peptide was treat-
ed with MMP2. After the treatment, the peak of MAL-
PEG(3400)-peptide (or MAL-PEG-Gly-Pro-Leu-Gly) was
significantly increased, while the peak of MAL-PEG-
(3400)-peptide-DOPE disappeared (Figure 3E). On the
TLC plate, the spot of MAL-PEG(3400)-peptide-DOPE
completely disappeared, while the new spots came out
at a location similar to free DOPE when the conjugate
was treated with 10 ng/ulL of MMP2 (Figure 3F). Figure 3
directly and clearly shows that the MMP2-cleavable
peptide did not lose its “cleavability” after the conjuga-
tion with both PEG and DOPE at its two ends.
Preparation of the MMP2-Responsive Multifunctional Nano-
carrier. The MMP2-responsive liposomes were pre-
pared using the lipid film hydration method followed
by extrusion.'® To incorporate the tumor-targeting
moiety, the liposomes were surface-modified with
mAb 2C5 via a covalent thiol-maleimide linkage
(Scheme 1C). The nucleosome-specific mAb 2C5, a
subset of natural IgG class antibodies, had been identified
as capable of binding a broad spectrum of cancer cells,
but not normal cells, via their surface-bound nucleosomes
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originating and released from neighboring apoptotic
cancer cells* In tumor inhibition study, the mAb 2C5
induced antibody-dependent cell-mediated cytotoxicity
as well as immune responses.> The mAb 2C5 has also
been successfully used as a tumor cell-targeting ligand for
drug delivery with the evidence of the increased cellular
uptake and the resulted cytotoxicity of chemotherapeutic
drugs in various tumor cells>?* Upon surface modifica-
tion, the particle size and zeta-potential of the immuno-
liposomes were determined to be 207.5 £ 75.5 nm and
—10.23 £ 1.21 mV, respectively. It has been suggested
that the effective size for the drug delivery systems should
be less than 200 nm>>~2’ since the threshold vesicle size
for the extravasation into a tumor's extracellular space was
found to be around 400 nm.*®

Immunological Activity of the MMP2-Responsive Multifunc-
tional Nanocarrier. The immunological activity of the
mAb 2C5 on the multifunctional nanocarrier was de-
termined by ELISA.® It was clearly shown that mAb 2C5
and 2C5-modified MMP2-responsive liposomes had
similarly high binding affinity with immobilized nu-
cleosomes, while negative controls, IgG and unmodi-
fied liposomes, showed no binding (Figure 4A). The
high concentration of mAb 2C5 saturated the plate and
could not present its real binding affinity (Figure 4A).
Therefore, the near linear range (0—1.25 ug/mL of
mAb 2C5) was selected to compare the binding
affinities of the liposomal formulations (Figure 4B).
After the treatment with MMP2, 2C5-PEG(3400)-Gly-
Pro-Leu-Gly was liberated from the nanocarrier due
to the cleavage of MMP2-cleavable linker between
PEG(3400) and DOPE. The liberated 2C5-PEG(3400)-
Gly-Pro-Leu-Gly stayed with the nanocarrier, which
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Figure 4. Immunological activity of the MMP2-responsive multifunctional liposomal nanocarrier. To study the binding
affinities of the liposomal nanocarriers toward nucleosomes, a series of diluted samples were measured using an ELISA assay.
The samples included mAb 2C5, IgG, unmodified liposomes (0% Lip), the MMP2-responsive multifunctional nanocarriers
incubated at 4 °C (2C5/peptide/TATp-Lip 4 °C) and at 37 °C (2C5/peptide/TATp-Lip 37 °C), MMP2-treated MMP2-responsive
multifunctional nanocarriers (2C5/peptide/TATp-Lip+MMP2), and MMP2-treated MMP2-responsive multifunctional nano-
carriers followed by dialysis (2C5/peptide/TATp-Lip-+MMP2+-Dia). (A) UV absorbances of all samples in the ELISA assay. (B) UV
absorbance of the liposomal formulations only in the near linear range from (A). Abbreviation: 2C5, mAb 2C5; peptide, MMP2-
cleavable peptide; TATp, TAT peptides; Lip, liposomes; Dia, dialysis.
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Figure 5. FACS analysis of the interaction of Rh-PE-labeled MMP2-responsive multifunctional liposomal nanocarrier with 4T1
and H9C2 cells. (A) 4T1 cells incubated (for 1 h before FACS analysis) with 1% mPEG(2000)-modified liposomes [PEG(2000)-
Lipl, 1% TATp-modified liposomes (TATp-Lip), and MMP2-responsive nanocarriers [PEG(3400)/peptide/TATp-Lip] with or
without pretreatment with MMP2. (B) H9C2 cells incubated with PEG(2000)-Lip, TATp-Lip, and MMP2-responsive multi-
functional nanocarriers (2C5/peptide/TATp-Lip) with or without pretreatment with MMP2. (C) 4T1 cells incubated with the
same liposome preparations as in (B). The geometric mean of the fluorescence for nontreated cells was defined as 100% (*).
Abbreviation: 2C5, mAb 2C5; peptide, MMP2-cleavable peptide; TATp, TAT peptides; Lip, liposomes; Rh-PE, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt).

showed a binding affinity similar to that of the non-
treated nanocarriers. However, the binding affinity
of the MMP2-responsive multifunctional nanocarrier
was significantly decreased (by 21% at 1.25 ug/mL,
12% at 0.625 ug/mL, and 7.6% at 0.3125 ug/mL)
after the liberated 2C5-PEG(3400)-Gly-Pro-Leu-Gly
was removed using a floating dialysis device (MWCO
300 000 Da) (Figure 4B). The remaining binding activity
of the samples might, most probably, come from
the incomplete cleavage of the peptide linker due to
the steric hindrance of the protective PEG(3400)
moiety.2?° Firm adsorption of the cleaved high MW
2C5-PEG-peptide moiety not completely overcome by
dialysis is also possible. However, the effect of remain-
ing 2C5-PEG moieties was negligible as follows from the
data shown in Figures 4B and 5. The ELISA results
suggested that mAb 2C5 was successfully conjugated
to MAL-PEG(3400)-peptide-DOPE on the surface of
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nanocarriers via the MMP2-cleavable linker and did
not lose its immunological activity. The data also con-
firmed that the MMP2-cleavable conjugate retained its
function after incorporation into the nanocarriers.
Cellular Uptake and FACS. To evaluate this novel deliv-
ery system, in vitro cellular uptake tests were per-
formed with mouse breast cancer cells (4T1) and
normal rat cardiomyocytes (H9C2). The cells treated
with various fluorescently labeled systems at different
conditions were analyzed by FACS (Figure 5). All cells
treated with liposomal formulations containing
1% TATp had significantly higher liposome uptake
(geometric mean fluorescence) than untreated control
cells, while the fluorescence of the cells treated with
liposomes containing only PEG(2000) was equivalent
to that of untreated cells for both normal and tumor
cells. These data confirmed the previous observations
that PEG chains inhibit the interaction between the
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PEGylated nanocarriers and cells resulting in the low
internalization.'® At the cellular level, PEGylation had
also been found to interfere with intracellular events,
such as endosomal escape,* which could impair the
expected clinical outcomes associated with both the
passive and active targeting.

TATp-modified liposomes demonstrated the high-
est cellular uptake in both cell lines (Figure 5). The TATp
is known to enhance the intracellular delivery of
various cargoes, including both molecules and parti-
cles, via either endocytosis or macropinocytosis.' %2
It was found earlier that the direct electrostatic inter-
action between positive residues of the TATp and
negatively charged cell-surface proteoglycans or gly-
cosaminoglycans was required for the internalization,
regardless of the mechanisms involved."® Liposomes
containing, in addition to TATp, protective long-
chain PEG(3400) moieties to shield the TATp groups
demonstrated a level of uptake very close to that of the
liposomes modified with only PEG(2000). This is quite
understandable since the presence of PEG(3400) pre-
vents TATp contact with cells. However, when such
preparations containing PEG(3400)-peptide-DOPE
were first treated with MMP-2 (which should degrade
the peptide sequence between DOPE and PEG resi-
dues and eliminate PEG blocks from the surface of
liposomes) and then incubated with cells, the uptake
level characteristic for TATp-modified liposomes was
restored to a significant extent and confirmed the
deshielding of TATp and its effective interaction with
cells resulting in good liposome uptake (see the data
with 4T1 cells in Figure 5A). Thus, both key functions of
our system, PEG-mediated TATp shielding and MMP2
sensitivity that deblocks this shielding work and should
minimize its nonspecific uptake when en route to a
tumor and maximize its penetration of cancer cells
when in a tumor microenvironment with locally en-
hanced MMP2 activity.

An additional interesting observation was made
when these systems were additionally modified with
cancer-specific mAb 2C5 via the same MMP2-sensitive
spacer PEG(3400)-peptide-DOPE. In HI9C2 cells, the
incorporation of 1% 2C5-PEG(3400)-peptide-DOPE into
TATp-liposomes (2C5/peptide/TATp-Lip), as expected,
significantly decreases the efficiency of the cellular
uptake (which still remains higher than that for PEG
only modified liposomes probably because of some
additional protein-mediated interaction). The pretreat-
ment of such MMP2-responsive multifunctional nano-
carriers with MMP2 eliminated the 2C5-PEG-block,

MATERIALS AND METHODS

Materials. Maleimide-polyethylene glycol (3400)-N-hydro-
xysuccinimide ester (MAL-PEG(3400)-NHS) was purchased from

ZHU ET AL.

exposed TATp, and again increased the cellular uptake
(Figure 5B). The specific 2C5-mediated interaction
should not play any role with normal cells since normal
H9C2 cells do not bear sufficient surface nucleosomes.

In 4T1 cancer cells, however, the specific cellular
uptake mediated by mAb 2C5 is high enough on its
own?* and comparable with the uptake provoked by
TATp upon its deshielding by the effect of MMP2
(Figure 5C). From a practical point, it could mean that
the MMP2-sensitive long-circulating systems may not
need an additional modification with cancer-specific
antibody, and the EPR effect in combination with TATp
plus MMP2 sensitivity could provide sufficient intracel-
lular delivery of anticancer drugs for a strong thera-
peutic effect. This issue will be additionally inves-
tigated in our ongoing in vivo experiments.

On the basis of the current data, we can propose that
the following chain of events describes the behavior of our
system in vivo. After the intravenous administration, the
PEGylated 200 nm MMP2-responsive multifunctional
nanocarriers will demonstrate a prolonged circulation time
sufficient for their accumulation in the tumor? via the EPR
effect?® A specific ligand (such as mAb 2C5) attached to
the surface of the nanocarrier provides an additional
recognition and binding within tumors (but not with
healthy tissues), resulting in tumor cell-specific target-
ing. Upon the accumulation at the tumor site, the up-
regulated MMP2 in the tumor microenvironment will
cleave the MMP2-sensitive peptide linker in surface-
attached conjugates and will result in the elimination
of the long PEG chains and exposure of TATp moieties
on the surface of the nanocarrier to allow enhanced
cellular internalization of such a drug-loaded system by
tumor cells. Thus, the combination of several such drug
delivery strategies within this novel nanocarrier should
allow for precise and effective tumor targeting and
intracellular delivery.

CONCLUSION

In the current study, we successfully synthesized and
characterized two novel functional polymers for sur-
face modification of pharmaceutical nanocarriers. By
using these polymers, a novel multifunctional stimulus-
sensitive nanocarrier was developed, which accumu-
lates in tumors and specifically targets cancer cells,
responds to the up-regulated extracellular MMP2 in
tumors, and provides enhanced cellular internalization
via a cell penetration function (TATp), which becomes
exposed and active when the nanocarrier is in a tumor
microenvironment.

Creative PEGWorks (Winston Salem, NC). L-a-Phosphatidylcholine
(egg PQ), 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[methoxy(polyethylene glycol)-2000] (ammonium
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salt) (mPEG(2000)-DSPE), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[maleimide(polyethylene glycol)-2000]
(MAL-PEG(2000)-DSPE), 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-pho-
sphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(@ammonium salt) (Rh-PE) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Cysteine-modified TAT (Cys-TATp)
and MMP2-cleavable peptides were synthesized by the Tufts
University Core Facility (Boston, MA). Traut's reagent, Zeba
Desalt spin column (MWCO 7000 Da, 2 mL), N-hydroxysuccini-
mide (NHS), and triethylamine (TEA) were purchased from
Thermo Fisher Scientific (Rockford, IL). 1-Ethyl-3-[3-dimethyla-
minopropyl]carbodiimide hydrochloride (EDC), ninhydrin spray
reagent, and molybdenum blue spray reagent were from
Sigma-Aldrich Chemicals (St. Louis, MO). Trifluoroacetic acid
(TFA), chloroform, and methanol were purchased from Fisher
Scientific (Fair Lawn, NJ). Human active MMP2 protein (MW
66 000 Da) and TLC plate (silica gel 60 F,s4) were from EMD
Biosciences (La Jolla, CA). Dialysis tubing (MWCO 2000 Da) and
the floating dialysis device (MWCO 300 000 Da) were purchased
from Spectrum Laboratories, Inc. (Houston, TX). Dulbecco's
modified Eagle's medium (DMEM), penicillin/streptomycin so-
lution (PS) (100x), and trypsin-EDTA were from Invitrogen
Corporation (Carlsbad, CA). FBS was purchased from Atlanta
Biologicals (Lawrenceville, GA). IgG was obtained from Serolo-
gicals Proteins, Inc. (Kankakee, IL). The goat anti-mouse IgG
peroxidase conjugate was purchased from ICN Biomedicals, Inc.
(Aurora, OH). The enhanced Kblue TMB peroxidase substrate
was from Neogen Corporation (Lexington, KY). The mAb 2C5
was produced in ascites via the i.p. injection of hybridoma cells
into pristine-primed 4 week old BALB/c male mice. The produc-
tion and purification of the mAb 2C5 were carried out by Harlan
Bioproducts (Indianapolis, IN) using the cells from our
laboratory.

Synthesis, Purification, and Characterization of TATp-PEG(2000)-DSPE.
To synthesize TATp-PEG(2000)-DSPE, 4.2 mg of cysteine-mod-
ified TATp (Cys-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg)
and 6 mg of MAL-PEG(2000)-DSPE were dissolved in 1.5 mL of
pH 7.2 HEPES buffer. The reaction mixture was stirred at 4 °C
under nitrogen protection overnight (Scheme 1A). The excess of
Cys-TATp was removed by dialysis (MWCO 2000 Da) against
distilled water. The reaction and purification processes were
monitored by TLC with a developing solvent of chloroform/
methanol mixture (4/1,v/v). The TLC plates were then visualized
by Dragendorff's reagent (a self-preparation using a U.S. Pharma-
copeia protocol) staining for the PEG chains, by ninhydrin spray
reagent staining for the peptides, and by molybdenum blue
spray reagent staining for the phospholipids.

Two-Step Synthesis, Purification, And Characterization of MAL-PEG-
(3400)-Peptide-DOPE. In the first step (Scheme 1B), the MMP2-
cleavable peptide (NH,-Gly-Pro-Leu-Gly-lle-Ala-Gly-GIn-COOH)
and MAL-PEG(3400)-NHS (1.2:1, molar ratio) were mixed and
stirred in the carbonate buffer (pH 8.5) at 4 °C overnight. The
excess of peptides was removed by dialysis (MWCO 2000 Da)
against distilled water. MAL-PEG(3400)-peptide was identified
by RP-HPLC on a reverse phase C18 column (250 mm x 4.6 mm,
Alltech) by the LaChrom Elite HPLC system (Hitachi). The
chromatograms were collected at 214 nm using gradient
solvent conditions. The chromatographic conditions used for
the analysis were as follows: solvent A, 0.1% TFA in acetonitrile
(ACN); solvent B, 0.1% TFA in water; 0—15 min, 5—75% ACN;
15—15.1 min, 75—100% ACN; 15.1—20 min, 100% ACN; 20—20.1
min, 100—5% ACN; 20.1—25 min, 5% ACN, with a flow rate of
1.0 mL/min at room temperature. The product was freeze-dried
for the next step.

In the second step (Scheme 1B), MAL-PEG(3400)-peptide
was activated with a 20-fold molar excess of NHS/EDC (1:1,
molar ratio) in an anhydrous chloroform/methanol mixture (9:1,
v/v) for 2 h. The activated MAL-PEG-peptide was then reacted
with excess DOPE in the presence of 1% of TEA under nitrogen
protection at room temperature overnight. The reaction was
monitored using TLC followed by the molybdenum blue spray
reagent staining. MAL-PEG(3400)-peptide-DOPE was purified
by preparative TLC (same conditions as analytical TLC).

ZHU ET AL.

Cleavage of the MMP2-Cleavable Peptide and Its Functional Conjugates.
The functions of MMP2-cleavable peptide and its conjugates
were evaluated by enzymatic digestion using the active human
MMP2. Briefly, 1 mg/mL of the MMP2-cleavable peptide, MAL-
PEG(3400)-peptide, and MAL-PEG(3400)-peptide-DOPE was in-
cubated individually with MMP2 in pH 7.4 HEPES-buffered
saline (HBS) (50 mM HEPES, 150 mM NaCl) containing 10 mM
CaCl, at 37 °C for 24 h. Two final concentrations (1 and 10 ng/uL)
of MMP2 in the digestion reaction were used for each com-
pound. The digestion fragments were identified by RP-HPLC (as
above) and confirmed by TLC with Dragendorff's reagent and
molybdenum blue spray reagent staining.

Preparation of Liposomes. To prepare the MMP2-responsive
liposomes [PEG(3400)/peptide/TATp-Lip], the lipid mixture of
egg PC (60 mol %), cholesterol (38 mol %), TATp-PEG(2000)-
DSPE (1 mol %), and MAL-PEG(3400)-peptide-DOPE (1 mol %)
was dissolved in chloroform. The lipid film was formed by rotary
evaporation and overnight freeze-drying. The film was hydrated
with HBS at room temperature for 20 min. The lipid dispersion
was extruded 40 times through polycarbonate filters (pore size
200 nm) using a microextruder (Avanti). For mPEG(2000)-mod-
ified liposomes (PEG(2000)-Lip), egg PC (60 mol %), cholesterol
(39 mol %), and mPEG(2000)-DSPE (1 mol %) were used to make
the lipid film. For TATp-modified liposomes (TATp-Lip), egg PC
(60 mol %), cholesterol (39 mol %), and TATp-PEG(2000)-DSPE
(1 mol %) were used to make the lipid film. The unmodified
liposomes (0% Lip) contained only egg PC (60 mol %) and
cholesterol (40 mol %). To follow liposome-to-cell interactions,
Rh-PE (0.5 mol %) was added to the liposomal formulations.

Surface Modification of the MMP2-Responsive Liposomes with mAb
205. The mAb 2C5 was first thiolated by Traut's reagent accord-
ing to the manufacturer's manual. Briefly, mAb 2C5 reacted with
Traut's reagent in pH 8.0 carbonate buffer containing 4 mM
EDTA at the molar ratio of 1/20 at room temperature for 1 h. The
thiolated mAb 2C5 was purified using a Zeba Desalt spin
column. To covalently attach mAb 2C5 to the MMP2-responsive
liposomes, the liposomes were incubated with thiolated mAb
2C5 at the molar ratio of 20 maleimide groups per antibody. The
reaction was carried out in HBS, pH 7.4, containing 4 mM EDTA
at 4 °C overnight (Scheme 1C). The free mAb 2C5 was removed
by dialysis with a floating dialysis device (MWCO 300000 Da)
against HBS. The particle size and zeta-potential of the nano-
carriers were measured using a Coulter N4 Plus submicrometer
particle analyzer (Beckman Coulter Inc., Watertown, MA) and a
Zeta Plus zeta-potential analyzer (Brookhaven Instruments
Corporation, Holtsville, NY), respectively.

ELISA. To evaluate the immunological activity of mAb 2C5
and the cleavable property of the MMP2-sensitive linker on the
MMP2-responsive multifunctional nancocarriers, an ELISA was
performed. Briefly, a 96-well microplate was precoated with
50 wul/well of 40 ug/mL poly-L-lysine solution in pH TRIS-
buffered saline (TBS), pH 7.4, at 4 °C overnight. The plate was
washed three times by TBST (TBS containing 0.05% w/v Tween-
20) and incubated with 200 ulL of TBST-casein solution
(containing 2 mg/mL casein) at room temperature for 1 h to
block the nonspecific binding. Then the plate was coated with
50 uL of 40 ug/mL mononucleosomes (the water-soluble frac-
tion of calf thymus nucleohistone) in TBST-casein at room
temperature for 1 h. After washing the plate with TBST, 50 uL
of a series of diluted samples (mAb 2C5, 1gG, unmodified
liposomes, mAb 2C5-modified liposomes (at 4 and 37 °C) and
MMP2-treated mAb 2C5-modified liposomes (with and without
dialysis, MWCO 300000 Da)) was loaded into the plate and
incubated at room temperature for 1 h. The samples were
removed, and the plate was thoroughly washed before incuba-
tion with 50 uL/well of 1:5000 dilution of goat anti-mouse IgG
peroxidase conjugate in TBST-casein at room temperature for
1 h. Each well was incubated with 100 uL of the enhanced K-blue
TMB peroxidase substrate at room temperature for 15 min. Finally,
the microplate was read at 620 nm with the reference filter of
492 nm using a Labsystems Multiscan MCC/340 microplate reader
(Thermo Fisher Scientific).

Cellular Uptake and FACS. 4T1 and H9C2 cells were maintained
in a complete growth medium containing DMEM supplemen-
ted with 10% FBS, 100 IU/mL penicillin, and 100 ug/mL
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streptomycin at 37 °C in a 5% CO, humidified atmosphere.
Before experiments, the cells were seeded in six-well culture
plates at the density of 1 x 10° cells/well. After 48 h, the cells
were washed twice with pH 7.4 PBS and then treated with
various Rh-PE-labeled liposomes [PEG(2000)-Lip, TATp-Lip, and
the MMP2-responsive nanocarriers (PEG(3400)/peptide/TATp-
Lip) and MMP2-responsive multifunctional nanocarriers (2C5/
peptide/TATp-Lip) with/without preincubation with 5 ng/uL of
MMP2] in 1 mL/well of the serum-free medium. After 1 h
incubation with Rh-PE-labeled liposomes, the medium was
removed, and the cells were washed with the serum-free
medium three times. Then, the cells were trypsinized and
collected by centrifugation at 3000 rpm for 4 min. After washing
with ice-cold PBS, the cell pellet was resuspended in 100 uL of
PBS and applied immediately on a BD FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA). The cells were gated
upon acquisition using forward versus side scatter to exclude
debris and dead cells. The data were collected (10000 cell
counts) and analyzed with BD Cell Quest Pro Software.

Statistical Analysis. Data were presented as the mean =+
standard deviation (SD). The difference between any two
groups was determined by ANOVA. P < 0.05 was considered
statistically significant.
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