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Abstract
Quantum dots (QDs) are often cell-impermeable and require transporters to facilitate crossing over
cell membranes. Here we present a simple and versatile method that utilizes enzymes, matrix
metalloprotease 2 (MMP-2) and MMP-7, to modulate the cellular uptake of QDs. QD-peptide
conjugates could be efficiently taken up into cells after the MMP treatment. This enzyme-modulated
cellular uptake of QDs may be applied to other nanoparticles for biological imaging and selective
drug delivery into tumor cells.

Quantum dots (QDs) are fluorescent semiconductor nanocrystals with unique optical properties
such as high quantum yield, high molar extinction coefficients, narrow emission spectra, size-
depending emission, and high photo stability, and are emerging as an attractive alternative to
organic fluorophores as fluorescent, non-isotopic labels.1–8 QDs have to be water-soluble for
biological applications, so they are often coated with amphiphilic ligands such as thiol-
containing molecules (for example, dihydrolipoic acid and peptides) 9–11, oligomeric
phosphines,12–13 amphiphilic polymers or phospholipid micelles 14–16. Water-soluble QDs
are further functionalized with biomolecules such as small peptides, 17 carbohydrates, 18–
19 proteins,20 and nucleic acids, 21 for in vitro and in vivo imaging studies. Such QD
conjugates are typically in the range of 10 to 30 nm in diameter, and usually cell-impermeable.
Several methods have been developed to facilitate the introduction of QDs into living cells
including physical methods such as microinjection, electroporation and transferring or
lipofectamine-mediated transfection.22–24 QDs coated with cationic peptides or polymers
have also been demonsstrated to cross cell plasma membranes.25 In this work, we show that
extracellular enzymes can be applied to modulate uptake of QDs into cells.

A recent study by Jiang et al. has shown that the transducing activity of cationic membrane-
penetrating peptides decreases with the number of appended negatively charged glutamate
residues, and can be restored after the appended glutamates are removed.26 In testing whether
this approach could be applied to modulate the uptake of QDs, we designed QD conjugates
shown in Scheme 1. The QDs we used here were coated with 5–10 copies of streptavidin, and
conjugated with biotinylated peptide ligands via the strong biotin and streptavidin binding. The
biotinylated peptide ligands consisted of 1) a transporting group (transporter) that could
transport QDs into cells, 2) a blocking group (blocker) that could diminish the cellular uptake
of QDs, and 3) a sensing group, sandwiched between the transporter and blocker, that could
be cleaved by an extracellular enzyme. Two members of matrix metalloproteases (MMPs),
gelatinase MMP-2 and stromelysin MMP-7, were selected to evaluate our design.

Matrix metalloproteases (MMPs) are a family of zinc-dependent secreted endopeptidases
crucial for regulated degradation and processing of extracellular matrices.27–28 Malignant
tumor cells need to breach extracellular matrices and invade, so MMPs are upregulated in
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almost every type of human cancers. Their over-expression correlates with advanced tumor
stage, increased invasion and metastasis, and shortened survival.29–31 The significant role of
MMPs in promoting cancer progression makes them important targets for drug development
and in vivo tumor detection. Both fluorescence and magnetic resonance-based approaches have
been used to detect MMPs activity.26,32–34 Reported fluorescence-based methods utilized
small organic fluorophores such as near infrared dyes Cy5 and Cy5.5.26,32 Since the broad
absorption spectra of QDs allow multiplexing—multiple emissions under single excitation for
simultaneous detection of multiple targets, and there are at least 26 identified MMPs, a QD-
based method should take advantage of this unique property of QDs and permit multiplexed
detection and imaging of multiple MMPs. Here we describe this QD-based method to detect
the activity of gelatinase MMP-2 and stromelysin MMP-7.

It has been reported that a biotinylated nine arginine oligomer is able to deliver streptavidin
conjugated QDs into mammalian cells,25 but it was not clear whether all of 9 arginine residues
were required for efficient uptake of QDs. We thus prepared a series of biotinylated oligomers
with a varying number of arginine residues (from 1 to 9), and conjugated with streptavidin-
coated QDs. These QD conjugates were incubated with HT-1080 (human fibrosarcoma) cells
and examined under a fluorescence microscope to evaluate their uptake efficiency. As shown
in Figure 1a, cells incubated with QD@BR9, QD@BR7, QD@BR5, and QD@BR4 showed
strong fluorescence (average fluorescence signal was between 800–1200 after background
subtraction) (Fig. 1a, A to D). After trysinization to detach from the glass surface and media
washing, these cells still displayed strong QD fluorescence emission, suggesting that the QDs
were indeed taken up into cells instead of just at the cell membrane. In contrast, little
fluorescence could be detected in cells incubated with QD@BR3, QD@BR2 and QD@BR
(average fluorescence signal was less than 10 after background subtraction). QD@BRn
(n=1,2,3) appeared to possess little transducing activity like the negative control (the conjugate
of biotin with QDs without arginine). The same pattern has been observed with COS-7 (monkey
kidney) cells.

A microtiter plate reader was used to verify the microscope observation by quantifying the
uptake of QD conjugates in a large population of cells (Fig. 1b). Consistent with the microscope
imaging data, COS-7 cells stained with conjugates with >4 arginine residues (from QD@BR9
to QD@BR4) displayed around 100 times higher fluorescence intensity than those with < 4
arginine residues. No uptake was observed in cells incubated with QD@BR3. Other
polycationic conjugates such as QD@BKn displayed the similar result (data not shown).

This result is very different from the reported dependence of the transducing efficiency on the
number of arginine residues for a linear polyariginine,35 especially the dramatic decrease in
uptake of the QD@BR3 conjugate. This observation may be related to the polymeric presence
of arginine on the QD surface: each QD was coated with 5 to 10 copies of streptavidin and
each streptavidin can bind four biotinylated peptides, thus there were around 20–40
biotinylated arginine oligomers on each QD. Due to this polymeric nature, a small change in
the ligand from BR4 to BR3 –just one residue– was amplified to a big decrease in the total
number of arginine residues on each QD conjugate, about 20–40.

To test this hypothesis, we conjugated the QDs with a mixture of BR4 and BR at a various
ratio (ranging from 100% to 0), resulting in a smaller change in the total number of arginine
residues on each QD conjugate. For example, from 100% BR4 to 90% BR4/10% BR, the total
number of arginine residues on each QD conjugate decreased by about 6–12. Indeed, the
cellular uptake of the QDs now decreased continuously with the decrease of the ratio of BR4
in the mixture (Fig. 1c). With a mixture of 70% of BR4 and 30% BR, the total number of the
arginine residues on each QD was approximately the same to that of BR3, and correspondingly,
little cellular uptake was observed (Fig. 1c).
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The gelatinase MMP-2 has been identified as one of the key MMPs in degrading type-IV
collagen. Its preferential peptide substrate contains an amino acid sequence of PLGVR.37 We
appended PLGVR to the biotinylated ligand BR4, and the resulting conjugate
QD@BR4PLGVR was able to cross the plasma membranes. Based on this result, we designed
the first peptide ligand R4XPLGVRGE4, where X denotes 6-aminohexanoyl as a spacer
inserted to minimize non-favorable interactions with the enzyme. Peptide R4XPLGVRGE4
was synthesized and biotinylated to afford BR4XPLGVRGE4. The biotinylated peptide
substrate (5 nmol) was incubated with active MMP-2 (1 μg) in borate buffer at room
temperature for four hours, and its cleavage reaction by MMP-2 was analyzed by the HPLC
which indicated a new peak with the retention time at 9.4 min different from the original
substrate peak at 9.0 min (Fig. 2a). MMP-2 cleaves the amide bond between the glycine and
valine residues, affording two cleaved products BR4XPLG and VRGE4. Analysis of the new
peak at 9.4 min by the MALDI-MS revealed a mass corresponding to the cleaved product
BR4XPLG, confirming that BR4XPLGVRGE4 can be efficiently cleaved by MMP-2
(Supporting Information).

The biotinylated peptide substrate was then conjugated with the QDs for cellular uptake. The
conjugate QD@BR4XPLGVRGE4 was first incubated with MMP-2 (1 μg) for 4 hours, and
subsequently incubated with HT-1080 cells in HBSS buffer (at 5 nM). Fluorescence
microscopic imaging showed strong fluorescence signals nearly from all cells (Fig. 2d). When
the biotinylated peptide was treated first with MMP-2 before conjugation with QDs, the
resulting QD conjugates produced fluorescence intensity in incubated HT-1080 cells
comparable to that in Fig. 2D (Fig. 2c). In contrast, a negative control containing the conjugate
but without MMP-2 treatment showed little uptake with an average intensity of <10% of that
treated MMP-2 (Fig. 2b). These results indicate that MMP-2 can efficiently cleave the peptide
substrate immobilized on QDs and induce cellular uptake of QD conjugates.

We were wondering whether the anionic glutamate residues could block the transducing
activity if located on the side chain of the peptide substrate. We introduced a cysteine residue
to the C-terminus of the substrate, and alkylation of the thiol side chain of cysteine by an
iodoacetylated glutamate tetramer afforded the branched peptide BR4GPLGVRGC(E4). Cells
incubated with this QD conjugate displayed no detectable fluorescence signal under the
microscope, confirming the efficient blocking of the transducing activity by the glutamate
residues on the side chain (A in Fig. 3). Cells incubated with MMP-2 treated conjugate showed
a 100-fold increase in the average fluorescence intensity, and almost 2-fold higher than cells
incubated with the MMP-2 activated QD@BR4XPLGVRGE4 conjugate (B in Fig. 3).
Interestingly, when the linear glutamate tetramer in BR4GPLGVRGC(E4) was replaced by a
molecule branched with four carboxylic acid groups, iminodiacetyl diiminodiacetic acid (IDA
(IDA)2), cellular uptake experiment of its QD conjugate showed that the four branched
carboxylate groups efficiently blocked the transduction of the conjugate (C in Fig. 3), and
overnight incubation with MMP-2 could activate the transduction potential of the conjugates
and induce the uptake in HT-1080 cells (D in Fig. 3).

Next, we tested whether the arginine oligomer and the glutamate oligomer can exchange their
positions in the design. We designed a peptide Fmoc-E5GPLGVRGR4K (Biotin) where the
arginine oligomer was at the C-terminal side and the glutamate residues at the N-terminal side.
The biotin group was coupled to the amino group on the side chain of the C-terminal lysine to
afford Fmoc-E5GPLGVRGR4K(Biotin). QDs conjugated with this peptide turned out to be
an excellent activatable cell imaging probe. The blocking efficiency of E5 on the cellular uptake
of QD conjugates was quite high (E in Fig. 3, no fluorescent cells could be detected under
microscope), and the QD conjugates could be activated within 4 hours by MMP-2, resulting
in the highest cellular uptake of QDs among all peptide ligands tested under the same conditions
(F in Fig. 3).
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Finally, we asked whether this strategy could be applied to other MMPs. Stromelysin MMP-7
cleaves a peptide substrate RPLALWRS efficiently between the alanine and leucine residues.
38 We similarly prepared a biotinylated peptide BR3GRPLALWRSGE5 that contained an
arginine trimer at the N-terminus and a glutamate pentamer at the C-terminus. HT-1080 cells
incubated with this peptide and QD conjugate did not show any significant fluorescence signal,
but MMP-7 treated conjugates produced bright fluorescence after incubation (Images G and
H in Fig. 3). This result confirms the generality of this strategy in modulating cellular uptake
of QDs by MMP enzymes.

In summary, we report here an example of applying enzymes to modulate the cellular uptake
of QD conjugates. We have found out that polycationic peptide-mediated uptake of QD
conjugates can be blocked by the simultaneous presence of negatively charged groups on the
QD conjugates. The negatively charged blocking groups can be presented linearly or branched
on the peptide ligands. Proteases like MMP-2 and MMP-7 can remove the negatively charged
groups by enzymatic hydrolysis and lead to the uptake of the QD conjugates into live cells.
Since the matrix metalloproteases are greatly involved with tumor formation and progress in
many types of human cancers, this strategy may be applied to image MMPs in vivo. Modulation
of uptake of nanoparticles into cells with tumor-specific enzymes could lead to selective
accumulation of nanoparticles in tumor cells and find wide applications in nanomedicine.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Fluorescence images of HT-1080 cells stained with QD@BRn conjugates (n = 9, 7, 5, 4,
3, 2, 1, 0 for A to H, respectively) and QD (I); (b) Fluorescence intensity of COS-7 cells in 96
microtiter plates incubated with QD@BRn (n as indicated for each column); (c) Fluorescence
intensity of COS-7 cells incubated with QDs conjugated with a mixture of BR4 and BR at
indicated ratios.
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Figure 2.
(a) HPLC analysis of the MMP-2 catalyzed cleavage of the substrate BR4XPLGVRGE4; (b–
d) Overlaid fluorescence and differential interference contrast (DIC) images of HT-1080 cells
stained with the conjugate QD@BR4XPLGVRGE4 (b), QD@BR4XPLG (formed with
MMP-2 cleaved BR4XPLGVRGE4) (c), and MMP-2 treated conjugate
QD@BR4XPLGVRGE4 (d), respectively. Display scale: 0–600.
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Figure 3.
Overlaid fluorescence and DIC images of HT-1080 cells incubated with QD conjugates with
indicated peptides with and without MMP-2 treatment (A–F), and MMP-7 (G–H). Display
scale: 0–1000 for A–D; 0–1200 for E, F and 0–500 for G, H.
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Scheme 1.
Schematic of QD conjugates that can be activated by MMPs for cellular uptake.
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