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Abstract: Bioluminescence, due to its high sensitivity, has been
exploited in various analytical and imaging applications. In this work,
we report a highly stable, cell-transductable, and wavelength-tunable
bioluminescence system achieved with an elegant and simple
design. Using aqueous in situ polymerization on a bioluminescent
enzyme anchored with polymerizable vinyl groups, we obtained
nanosized core-shell nanocapsules with the enzyme as the core
and a cross-linked thin polymer net as the shell. These nanocapsules
possess greatly enhanced stability, retained bioactivity, and a readily
engineered surface. In particular, by incorporating polymerizable
amines in the polymerization, we endowed the nanocapsules with
efficient cell-transduction and sufficient conjugation sites for follow-
up modification. Following in situ polymerization, decorating the
polymer shell with fluorescent quantum dots allowed us to access
a continuous tunable wavelength, which extends the application of
such bioluminescent nanocapsules, especially in deep tissue. In
addition, the unique core-shell structure and adequate conjugation
sites on surface enabled us to maximize the BRET efficiency by
adjusting the QD/enzyme conjugation ratio.

Bioluminescence,1 the light emission resulted from enzymatic
reactions within living organisms, is commonly used for various
applications,2,3 such as whole-cell biosensors, immunoassays, nucleic
acid hybridization assays, and in ViVo imaging. Many of these
applications, however, require transfection of bioluminescent reporter
genes, accompanied with many other limitations, such as safety.
Moreover, the wavelengths of bioluminescence are still limited to blue/
green light, which hinders its use in deep-tissue applications.4,5

Herein, we report a novel class of bioluminescent nanocapsules
(BNs) that are robust, cell-permeable, and tunable in wavelength.
Scheme 1 illustrates our synthesis strategy. Starting with a
bioluminescent protein, mild chemical modification attaches the
protein with polymerizable vinyl groups; subsequent polymerization
in an aqueous solution containing acrylamide (AAm) and N-(3-
aminopropyl)methacrylamide (APMAAm) wraps the protein mol-
ecule with a thin polymer layer. Finally, linking the polymer-protein
conjugate with fluorophores enables the conversion of short-
wavelength bioluminescence to long-wavelength emission through
bioluminescence resonance energy transfer (BRET).6

This unique architecture endows the BNs with many advantages:
(1) The thin polymer layer stabilizes the protein and enables rapid
transport of the substrate to the encased protein, ensuring bioactivity
and stability of the BNs.7 (2) Fluorophores can be attached to the
protein conjugates with controlled density, ensuring an efficient BRET.
Particularly, quantum dots (QD), a class of fluorophores with high

photostability and quantum efficiency, wide-range excitation, and
tunable emission, can be readily used as BRET receptors.8-13 (3) As
formed BNs are nanosized, and their surface charge can be readily
tuned by controlling the ratio of neutral monomer (AAm) and cationic
monomer (APMAAm) used, allowing their effective intracellular
delivery. (4) Targeting components, such as an antibody, may be linked
to the BNs for targeting purposes.

To demonstrate this concept, we used horseradish peroxidase
(HRP) as a model bioluminescent protein and QDs of CdTe as the
model fluorophores. Water-soluble QDs14 with emission wave-
lengths of 517, 544, 579, 696, 724, and 754 nm (Figure S1a) were
respectively attached to the HRP-polymer conjugates (nHPR),
creating a series of BNs with tunable emission (denoted as BN-
wavelength, such as BN-517). Figure 1A shows a representative
TEM image of the QDs with an emission wavelength of 544 nm
(denoted as QD-544), demonstrating uniform size distribution with
an average diameter of 2-3 nm. Figure 1B shows a TEM image
of BN-544, suggesting that each BN has an average diameter of
17 nm and contains 3-4 QDs. The zeta potentials of the BNs were
typically around 9 mV (Figure S2).

Note that the absorbance wavelengths of the QDs (Figure S1b)
well overlap with that of the bioluminescence generated from HRP-
mediated oxidation of luminol (425 nm), which allows their
effective energy transfer. Figure 2A shows the fluorescent spectra
of BNs with different emission wavelengths. As expected, in
addition to the HRP bioluminescence at 425 nm, these BNs emit
additional intense luminescence centered at 517, 544, 579, 696,
724, and 754 nm, respectively, which are in accordance with the
fluorescence emissions of their conjugated QDs. Consistently, these
BNs show bioluminescence color tunable from blue to red (Figure
1C). BNs with an emission wavelength in the range of 700 to 800
nm are of particular importance for deep-tissue imaging oweing to
its deep-tissue penetrating capability.4,5
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Scheme 1. Scheme of Forming Robust, Cell-Permeable
Bioluminescent Nanocapsules
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In addition to exhibiting a tunable wavelength, these BNs also
show a tunable bioluminescent intensity, which was achieved by
tuning the number of QDs attached to each BN (denoted as QD/
HRP ratio). For example, Figure 2B demonstrates bioluminescence
spectra of BN-544 with different QD/HRP ratios. Clearly, the
luminescent intensity at 544 nm increases with increasing QD/HRP
ratio. The BRET ratios determined are 0.48, 1.39, 5.06, and 8.92
for the QD/HRP ratio of 1.2, 2.3, 4.9, and 9.6, respectively. It has
been demonstrated that directly linking luciferase (another biolu-
minescent protein) to QDs resulted in bioluminescence conjugates
containing QD cores and luciferase shells. In this configuration,
BRET occurred only between the core QDs and the excitation-
state products diffused within the conjugates. Consequently,
although the conjugates could emit bioluminescence with a tunable
wavelength, their BRET ratios were significantly lower (i.e., <0.5).10

In contrast, the BNs reported herein contain bioluminescent-protein
cores and polymer shells containing a tunable number of QDs. Such
a unique architecture maximizes the harvest of bioluminescence,
creating a series of BNs with significantly higher intensity.

It is also worth mentioning that BRET occurs only when the
distance between donor and acceptor is less than 10 nm.15 To create
such a BRET response, the excitation-state products of the
enzymatic reaction must be diffused to adjacent QDs before they
decay to their stable species. Indeed, mixing the HRP-polymer
conjugates with QD-544 resulted in a much weaker emission
intensity (544 nm), in comparison with BN-544 containing the same
HRP to QD ratio (Figure 2B). This observation further confirms
BRET is the main mechanism to illuminate the BNs.

Furthermore, such BNs are extremely robust and cell transductable.
For example, native HRP lost 52% and 73% of its original lumines-

cence intensity after incubation at 37 °C for 24 and 48 h, respectively
(Figure 3A). In contrast, BNs retained 99% and 98% of its lumines-
cence intensity under the same conditions. This result validates our
hypothesis that a polymer network around HRP could protect the core
protein from denaturation. Figure 3B shows a fluorescent image (Inset)
of HeLa cells after a 3-h incubation with BN-696, clearly suggesting
cellular uptake of the BNs. The bioluminescent intensity increases with
increasing BN concentration (Figure 3B), indicating a concentration-
dependent cellular uptake and retained intracellular activity. Such
robust, cell transductable BNs are of particular interest for in ViVo
imaging and other applications.

In summary, we have demonstrated a novel class of robust, cell-
transductable bioluminescent nanocapsules with tunable emission
wavelengths, providing new potentials for bioluminescence imaging,
therapeutics, and other applications.
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Figure 1. TEM images of (A) QD-544 and (B) BN-544; (C) photographs
of HRP and BNs in the presence of H2O2, luminol, and p-iodophenol
showing tunable-wavelength bioluminescence.

Figure 2. Luminescent spectra of the following: (A) native HRP, BN-517,
BN-544, BN-579, BN-724 and BN-754; (B) HRP-polymer conjugates (nHRP),
mixture of nHRP and QD-544, and BN-544 with various QD/HRP ratios.

Figure 3. (A) Luminescence spectra of HRP and BN-544 after incubation
at 37 °C for 0, 24, and 48 h. (B) Relative luminescence unit (RLU) of
HeLa cells pretreated with BN-696 with different concentrations. Inset:
Fluorescent microscope images of HeLa cells pretreated with BN-696,
showing cellular uptake of BNs.
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