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Aim: Matrix metalloproteinase-2 (MMP2) plays an important role in extracellular matrix remodeling, that
is, it increases significantly during cancer progression. In this regard, MMP2 monitoring is important. Ex-
periment: A well-designed MMP2-sensitive polypeptide chain was used to link indium phosphide quan-
tum dots (InP QDs) with upconversion nanoparticles (UCNPs) to form a nanocomposite that was utilized
as biosensor. Results: We produced a biosensor that can be recognized by MMP2 and determined the
presence or absence of MMP2 in cells by identifying difference in fluorescence wavelength. The InP QDs
modified the arginylglycylaspartic acid molecules as targeting ligand based on chitosan. Conclusion: The
MMP2-based biosensor, named UCNP-p@InP-cRGD, is sensitive and can be applied for biosensing probes.
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Quantum dots (QDs) are nanocrystalline semiconductor materials. QDs of different particle sizes can be excited to
emit different colors of fluorescence because of the effects of quantum confinement [1]. Compared with traditional
organic dye, QDs have optical advantages, such as higher quantum field, better light stability and applicability of
single-wavelength ultraviolet (UV) or visible light as source to illuminate different light wavelengths. Moreover,
QDs can be repeatedly excited. At present, market-based QDs contain cadmium (Cd) [2]. However, Cd-containing
QDs and their compounds are not environment friendly, which limits their biological development. Thus, a new
generation of QDs without Cd, such as indium phosphide QDs (InP QDs), has been developed. The particle size
of InP QDs can be adjusted to regulate the emitting wavelength. When the size of InP QDs increases to 7 nm, they
can absorb UV and green light, and emit red fluorescence. If QDs are used alone, then they can only be excited
by UV or visible light. However, the optical properties of QDs should be improved given that their excitation
wavelength is unsuitable [3–5]. The skin can block UV light, and deoxyhemoglobin has its highest absorption
peak in the region of visible light. Therefore, InP QDs can be combined with current fluorescent upconversion
nanoparticles (UCNPs) to detect cell changes by fluorescence resonance energy transfer. Upconversion fluorescence
is a multiemission spectrum, which is a conversion of long-wavelength absorption to short-wavelength emission,
permitting the optical process to go through from near-infrared light to visible light [6–8]. The unique optical
properties of UCNPs can be used as biosensors by the shifts of the spectrum from near-infrared to visible light [9,10].
UCNPs are usually synthesized by doping rare-earth elements in host materials, such as NaYF4 [11]. Yb3+ and Er3+

are typically prepared as sensitizers and activators in UCNPs to irradiate green fluorescence.
In this study, we designed an inorganic nanocomposite as biosensor. We aimed to detect the presence or absence

of matrix metalloproteinase-2 (MMP2) in normal and cancer cells. Extracellular matrix remodeling becomes an
important issue during cancer progression given that most malignant tumor cells can destroy matrix barriers to
promote cancer cell invasion to connective tissues and metastasis to distant organs [12–14]. Collagenases can degrade
fibrillar collagens when MMP overexpression has been identified to be a marker of cancer progression that involves
metastasis and angiogenesis. MMP2 belongs to the gelatinase family and can degrade type IV-extracellular proteins
and nonfibrillar collagens. In many cancers, MMP production may be upregulated in surrounding tissues rather than
simply in the tumor [15,16]. Few biosensors have been developed for MMP2. The first biosensor uses nitrogen-doped
graphene combined with gold nanoparticles to detect MMP2 by UV-electrochemical information [17]. Fluorescein
isothiocyanate-labeled peptide on the surface of poly(m-phenylenediamine) nanoparticles can be designed to detect
MMP2 with a limitation of 32 pM [18]. Studies only used measurement of MMP2 to in vitro assays. In this study, we
designed an MMP2-sensing polypeptide as a linker to conjugate InP QDs and UCNPs (UCNP-p@InP). These two
materials were combined to form a nanocomposite and excited with an 808 nm laser light to transfer upconverted
light to InP QDs and illuminate red fluorescence for biotracking. In environments with a high concentration of
MMP2, MMP2 sensing polypeptide is recognized by MMP2 and sheared to separate these two nanoparticles. Thus
far, we can only observe upconverting green light under irradiation of 808 nm near-infrared light. To improve
the capability of UCNP-p@InPs to effectively accumulate around the tumor tissue and enhance biosensing, we
used arginylglycylaspartic acid (RGD) molecules as target ligands [19]. RGD is a well-known targeting molecule
that binds to integrin αVβ3. Given the high expression of integrin αVβ3 in many types of cancer cells, RGD is
used to construct multifunctional ‘smart’ ligands, such as tumor-targeted nanoparticles [20–22]. The accumulation
of the entire material in the tumor tissue is enhanced to effectively obtain a fluorescent signal that differs from
the background. Cell experiments, confocal imaging and luciferase biopsy analyses are conducted. Results prove
that the nanocomposites have excellent biological targeting and tracking abilities. Upon infrared laser irradiation,
near-infrared-induced MMP2 sensor demonstrates excellent applicability in animal models and clinical trials.

Materials & methods
Materials
All chemical reagents were obtained from commercial suppliers and did not require further purification. Synthetic
chemicals of InP QDs are In(C2H3O2)3 (99.99%), [(CH3)3Si]3P (98%), myristic acid (98%), CH3(CH2)11SH
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(≥98%), [CH3(CH2)16COO]2 Zn (10%, Zn basis), oleic acid (90%), 1-octadecene (90%), n-trioctylphosphine
(90%), selenium powder (99.99%), (CH3CO2)2 Zn (99%) and hexane (99.99%). Synthetic chemicals of UCNPs
are Nd(CH3CO2)3·H2O (99.99%), Y(CH3CO2)3·H2O (99.99%), Yb(CH3CO2)3·H2O
(99.99%), Er(CH3CO2)3·H2O (99.99%), NaOH (98%) and HCl (37%). Chemicals used for modifica-
tion are APTES (98%), IGEPAL R© CO-520, tetraethyl orthosilicate (98%), N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), chitosan (molecular weight [mol wt.]
50,000–190,000 Da) and Arg-Gly-Asp (≥97%). All chemicals were purchased from Sigma-Aldrich (MO, USA),
except In(C2H3O2)3. Selenium powder was purchased from Alfa Aesar (MA, USA). Myristic acid was acquired from
Fluka (MO, USA), and (CH3CO2)2 Zn was supplied by JT Baker (NJ, USA). The 4′,6-Diamidino-2-phenylindole
(DAPI) and Alexa 647 were purchased from Invitrogen (CA, USA).

Synthesis of InP/ZnSeS/ZnS QDs & silica shell coating (InP@S QDs)
InP/ZnSeS/ZnS QDs were synthesized using hot injection method as previously described [23]. In total, 0.3 mmol
indium acetate, 1.35 mmol myristic acid, 0.3 mmol zinc stearate and 10 ml of 1-octadecene were mixed in
a three-necked flask under vacuum. The rotation speed was 450 rpm, and the temperature was increased to
120◦C and maintained for 1 h to completely remove water and gas and avoid inefficient QDs. After an hour,
the vacuum system was closed and nitrogen was allowed to pass through. The system was added with 0.1 mmol
tris(trimethylsilyl)phosphine under nitrogen, and the temperature was increased to 260◦C for 20 min to obtain
InP core. The temperature was decreased to 230◦C, and 0.22 ml of 1-dodecanethiol was added for 1 h. After an
hour, 0.2 mmol selenium was added to the mixture. Subsequently, 1 ml of n-trioctylphosphine was mixed and
vortexed to colorless liquid. The mixture was warmed to 280◦C for 10 min and added with 4 ml of Zn(OA)2.
A total of 6.85 ml of octadecene (ODE) was mixed with 3.15 ml of oleic acid (OA) and heated to 120◦C in a
nitrogen atmosphere for 1 h. The mixture was then heated to 150◦C after 10 min and added with 0.55 ml of
dichlorodiphenyltrichloroethane (DDT). The temperature was increased to 300◦C for 90 min. The reaction was
completed. The mixture was cooled to room temperature and mixed with 5 ml of QDs, 5 ml of hexane and 20 ml
of ethanol. The mixture was placed in a centrifuge tube and centrifuged four-times at 7800 rpm. The resulting QD
product was dissolved in hexane for storage. After the end of the synthesis, we coated the silica shell and uniformly
dispersed the QDs in water. First, the magnet was placed into a single-necked flask; added with 0.3 mg/ml QDs,
1 ml of CO520 and 9 ml of hexane; and placed in a drying oven at constant temperature and humidity. After an
hour, tetraethoxysilane (TEOS) was injected at a rate of 0.05 ml/h by using a microsyringe. After approximately
an hour, the mixture was added with 0.07 ml of ammonia water, stirred overnight, centrifuged at 12,000 rpm. for
6 min, and washed three-times. The InP@S QDs were dissolved in water for storage.

Synthesis of 808 nm-excited NaYF4:Yb/Er@NaYF4:Yb/Nd (UCNP)
UCNP was synthesized by high-temperature co-precipitation [24]. Among the main materials of UCNP, the
main lattice material with the best light-emitting efficiency was NaYF4. The crystal phase of NaYF4 was divided
into cubic phase (α-NaYF4) and hexagonal phase (β-NaYF4). UCNP of β form was selected because of its
high chemical stability, low phonon energy and high light-emitting efficiency. Y(CH3CO2)3·H2O (0.4 mmol),
Yb(CH3CO2)3·H2O (0.1 mmol) and Er(CH3CO2)3·H2O (0.1 mmol) were dissolved in OA and ODE (3:7;
12.5 ml) at 150◦C under nitrogen for 30 min (Sigma-Aldrich). The dissolved lanthanide salts were cooled down
to 50◦C and stirred with methanol solution containing NH4F (2 mmol) and NaOH (1.25 mmol) for 30 min.
Methanol was removed by heating the solution to 100◦C for 30 min. The solution was heated to 290◦C for 2 h and
cooled to room temperature. NaYF4:Yb/Er nanoparticles were precipitated with absolute ethanol and recovered by
centrifugation at 6000 rpm. for 10 min. The prepared nanoparticles were stored in cyclohexane. The shell layer was
synthesized using the same method, except that the Yb precursors were replaced with Nd to prepare a core–shell
structure. The lanthanum acetate aqueous solution comprised 2.55 ml of Er(CH3CO2)3·H2O (0.2 M), 0.17 ml
of Y(CH3CO2)3·H2O (0.2 M) and 0.68 ml of Nd(CH3CO2)3·H2O (0.2 M). The section for synthesis was the
same as the above. NaYF4:Yb/Er@NaYF4:Yb/Nd was obtained after centrifugation.

Conjugation of UCNPs, InP@S QDs & UCNP-p@InP-cRGD
The aqueous solution (0.5 ml) of NaYF4:Yb/Er@NaYF4:Yb/Nd nanoparticles with a concentration of 10 mg/ml
was added with 0.2 ml of MMP2-sensitive polypeptide (named MH-P08, with amino acid sequence of ‘SGAVR-
WLLTA’), 0.24 ml of NHS and 0.024 ml of EDC to form UCNP-p. About 0.964 ml of the four compounds were
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mixed in an Eppendorf tube, stirred overnight, centrifuged three-times with gravity at 12,000 rpm. for 10 min,
and stored in an aqueous solution. InP@S QDs were conjugated with the RGD tripeptide with chitosan to form
InP@S-cRGD. First, 1 wt% chitosan was mixed with 2 wt% aqueous acetic acid solution. An aqueous solution of
acetic acid with pH of 3.6 was neutralized with NaOH (200 mg) to increase the pH to 6. Subsequently, 100 mg of
RGD was placed into 10 ml of aqueous solution and added with 0.3 ml of EDC and 0.3 ml of NHS. The mixture
was kept in an ice bath for 15 min. An amount of 5.2 ml of chitosan acetic acid aqueous solution was added,
and 0.5 ml RGD solution was obtained to stir with 0.2 mg/ml QDs overnight. The solution was centrifuged
three-times at 12,000 rpm. for 10 min and stored in a sample bottle. Last, 0.25 ml of UCNP-p solution with
a concentration of 10 mg/ml was taken and conjugated with InP@S-cRGD solution with the same volume and
concentration. The mixture was stirred for 2 h and centrifuged three times at 12,000 rpm. for 10 min. The final
product, UCNP-p@InP-cRGD, was stored in an aqueous solution.

Identification of nanomaterials
The morphologies of UCNP series (UCNP and UCNP-p) and InP QDs series (InP QDs, InP@S and InP@S-
cRGD) were determined using a JEM-2100F transmission electron microscope (TEM) with an electron gun
operating at 100 keV (JEOL, Tokyo, Japan). The emission spectrum of UCNP and derivatives was characterized
by photoluminescence spectrum with excitation of 808 nm.

In vitro model with cell culture & cell viability
Gingival squamous cell carcinoma (Ca922) and tongue squamous cell carcinoma (HSC4) were grown in DMEM
and MEM (Invitrogen), respectively. All cell culture media were supplemented with 10% fetal bovine serum (FBS,
CA, USA) and 1% penicillin–streptomycin–glutamine (GIBCO, MA, USA). All cells were incubated in a CO2

incubator containing 5% CO2 at 37◦C. Aliquots of 2000 cells per well were inoculated in a 96-well plate for 12 h.
Serial diluted concentrations of UCNP-p@InP-cRGD (1, 3, 9, 27, 83 and 250 μg/ml) were incubated in a 96-well
plate. After 48 h of incubation, the AlamarBlue assay was performed according to the manufacturer’s protocols
(Invitrogen). The detection spectrum was set at 560/590 nm (excitation/emission).

Cell sensing imaging analysis
A total of 50,000 cells were inoculated in a 12-well plate with a coverslip for 12 s. The culture was added with
100 μg/ml UCNP-p@InP-cRGD for 12 h. The cells were then fixed with 4% paraformaldehyde. The cells on
the coverslip were stained with anti-α-tubulin (1:300 in 5% bovine serum albumin/phosphate-buffered saline)
and attached on the slide by using DAPI-containing mounting gel. Images were promptly captured with a Leica
TCS SP5 confocal microscope (Leica, Taiwan). The Leica biosystem inverted microscope was equipped with an
excitation laser source of 808 nm (Leica).

Detection of MMP2 in the in vivo mouse model
The animal experiments were approved by the Academia Sinica Institutional Animal Care and Utilization Com-
mittee (IACUC No. 16-05-957). In brief, 5 × 106 aliquots of Ca922 and HSC4 cells were subcutaneously injected
on both opposite dorsal sides of the NOD scid gamma (NSG) mouse at 6 weeks old. After 4 weeks of tumor growth
(above 60 mm3 of tumor volume), UCNP-p@InP-cRGD (20 mg/ml) was administered on both tumors by intra-
tumoral injection. Real-time images were obtained using In-Vivo Xtreme (Bruker, Germany), with an additional
808 nm infrared diode laser module (1 W). The color filters were detected at 650 nm for the red fluorescence of InP
QDs and 540 nm for the green fluorescence of UCNPs. Xenograft tumors were harvested using a formalin-fixed
and paraffin-embedded method.

Results
This study is divided into four parts to discuss the results (Figure 1). In the first part, InP@S-cRGD modulated the
QDs with a silica shell. The Si-OH group on the surface of silica was first combined with the NH2 group on the
chitin and then connected, dehydrated and combined with the C-terminus of the side chain of the multipeptide
to form the Si-cRGD group. In the second part, UCNP-MMP2 (UCNP-p), 808 nm UCNPs were assembled
with the linker MMP2-sensitive peptide. In the third part, UCNP-p@InP-cRGD, the COO- functional group was
modified on MMP2 and Si-OH with NH2+. When assembled with RGD, nanocomposites were obtained. In the
fourth part, biological interaction, after the assembled nanocomposite absorbed 808-nm near-infrared laser light,
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InP/ZnSeS/ZnS QDs

InP/ZnSeS/ZnS@SiO2

InP/ZnSeS/ZnS@SiO2-cRGD
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SiOH
Si-cRGD

(Arg-Gly-Asp)
Si-OH-NH2-chitosan

RGD C-terminal
with chitosan NH2
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MMP2 enzymes

COO– NH2
+

NaYF4:Yb/Er

NaYF4:Yb/Er@NaYF4:Yb/Nd

NaYF4:Yb/Er@NaYF4:
Yb/Nd-MMP2 
peptide (linker)

+

Red Green

Figure 1. Upconversion nanoparticle-p@InP-cRGD sensing in an matrix metalloproteinase-2-expressed cancer cell. Upconversion
nanoparticles-p@InP-cRGD was colorless under 808-nm irradiation; moreover, matrix metalloproteinase-2-digested upconversion
nanoparticles underwent cell uptake and were detected using 808-nm irradiation.
InP: Indium phosphate; MMP2: Matrix metalloproteinase-2; QD: Quantum dot; UCNP: Upconversion nanoparticles.

it emitted red light of QDs. However, after cutting the nanocomposite with the MMP2 enzyme, the fluorescence
phenomenon only revealed the upconverting green light. Other details of each part will be discussed below.

Synthetic identification of InP, InP@S & InP@S-cRGD
In this study, 0.3 mmol indium acetate, 0.3 mmol zinc stearate and 1.35 mmol myristic acid were used as the core
precursor of InP, and phosphorus precursor and selenium were used as shell. The zinc and sulfur precursors reacted
with the InP QDs of the core–shell structure, which changed the thickness of the shell layer by changing the ratio of
the zinc and sulfur precursors in the shell layer and the content of the zinc stearate to regulate its core. The change
in particle size will change the wavelength of light emission, and the increase in the shell thickness of the QD will
increase its stability. Therefore, a thick-shelled InP QD was selected for subsequent application. This material was
coated with silica shell for phase replacement and modified with tripeptide and chitosan. The silica-coated InP QD
(InP@S) was characterized in terms of structural properties, biological cell compatibility and cell development. As
shown in Supplementary Figure 1A, the QDs with thick shell have a regular crystal phase arrangement. The QD
diameter is 7 nm based on calculated particle size. Supplementary Figure 1B shows a QD modified with a silica
shell; the black particles are QDs and the outer cladding layer is made of silica. After calculation, the particle size
increased from 7 to 15 nm. The identification of the hydrated particle radius size was confirmed by dynamic light
scattering (DLS) analysis. As shown in Supplementary Figure 1C, the particle size of QDs, which was measured in
hexane, is 9 nm. Supplementary Figure 1D shows that after the QDs were modified with the silica shell, the particle
size increased from 9 to 23 nm; that is, the known QDs modified with the silica layer were successfully coated.
The DLS spectrum shows that the particles are highly dispersed at 23 nm, indicating that the dispersibility in the
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aqueous phase was quite good and that no aggregation occurred. After surface modification, the size distribution
of InP@S-cRGD is 28 nm. The type and semiquantitative effects of internal atoms were evaluated based on the
energy dispersive spectrometer (EDS) analysis.

Supplementary Figure 2A shows the estimation of In, P, Se, S, Si and Zn. The element ratio of In:P is
approximately 1:1. Given the multilayer modification, the ratio of Zn and S increased than that of the core
material. Furthermore, the signal of Si was determined, confirming the success of silica modification. In terms of
optical characteristics, the black and red curves are the absorption points of QDs and their modified QDs with the
silica shell are shown in Supplementary Figure 2B. The figure also shows the obvious characteristic curve of the
QDs of the black curve, with the peak value of approximately 540 nm. Compared with the red curve modified with
the silica shell, the characteristic absorption peak position is nearly the same. The only difference is that the peak
tends to be inconspicuous. As shown in Supplementary Figure 2C, the emission spectrum was measured using an
excitation source of 460 nm. The black curve is the emission wavelength of the red QD, with the emission position
at 660 nm. The QDs were modified, but the light-emitting position was the same. We also identified the fluorescent
lifetime and quantum yield for InP and InP@S (Supplementary Figure 3A & Supplementary Table 1). No difference
was observed in the fluorescence lifetime of QDs before and after modification. From 30 to 28 ns, the result showed
only a little effect before and after the modification. The quantum efficiency also slightly decreased after coating
with the silica shell. In this study, InP and InP@S were used to identify the FTIR functional group. Supplementary
Figure 4B shows Si-O-Si characteristic peaks at approximately 1500 cm-1, confirming the characteristic peak of the
InP QDs is the coated silica layer. To attach the actively targeted RGD peptide to the surface of the QDs, we linked
InP@S and RGD through chitin as intermediate (Supplementary Figure 4A). Supplementary Figure 4B shows the
characteristic absorption peak of NH2 at approximately 2900 cm-1, which originates from chitosan and RGD. A
characteristic absorption peak of COO– also appears at approximately 1500 cm-1, indicating the modification of
RGD. The FTIR data prove the successful assembly of the cRGD.

Synthetic identification of UCNP & UCNP-p
The core–shell structure of the UCNPs was subjected to TEM measurement, and the average diameter of
NaYF4:Yb/Er is approximately 25 ± 1 (Supplementary Figure 5A). After coating the second shell, the aver-
age diameter of NaYF4:Yb/Er@NaYF4:Yb/Nd is approximately 27 ± 1 nm and the particle size increased from 25
to 27 nm (Supplementary Figure 5B). NaYF4 is a pure hexagonal phase, as confirmed by x-ray powder diffraction.
Supplementary Figure 5C shows that the diffraction spectrum of UCNP has a characteristic diffraction peak, similar
to the hexagonal-phase β-NaYF4 database standard map (JCPDS 16-0334) [25]. In the measured x-ray diffraction
pattern, the main diffraction peaks are located in the growth planes of (110), (101), (201), (300) and (211). The
standard map has two main diffraction peaks corresponding to the crystal planes of (300) and (211), indicating that
NaYF4:Yb/Er and NaYF4:Yb/Er@NaYF4:Yb/Nd correspond to the same standard map. This result demonstrated
that the core and core–shell UCNPs have no phase change. The 808 nm-excited UCNPs were also measured for
DLS analysis (Supplementary Figure 5D). The sizes of NaYF4:Yb/Er and NaYF4:Yb/Er@NaYF4:Yb/Nd are 32
and 75 nm, respectively. The distribution curve shows that the particles did not agglomerate. In the upconversion
fluorescence process, Yb and Nd acted as sensitizers that promoted the excited state at 808 nm irradiation (Supple-
mentary Figure 6A), of which the electrons jumped from 2F7/2 ground state to 2F5/2 excited state. The unstable
energy was then transferred to unexcited Er. The excited state of trivalent Er released energy with fluorescence,
including 4F9/2 → 4I15/2, 4S3/2 → 4I15/2, 2H11/2 → 4I15/2, and 2H9/2 →4I15/2, with corresponding 410, 522,
540 and 662 nm, respectively (Supplementary Figure 6B).

Synthetic identification of UCNP-p@InP-cRGD
UCNP was coupled with peptides and InP QDs using the NHS/EDC method to form UCNP-p and InP-
cRGD [26]. The N-terminus of peptide linkage includes a carboxyl group, protruding from the peptide linkage of
UCNP@p. In total, 15 nm of InP-cRGD was conjugated to the MMP2-sensitive polypeptide to form a peptide
bond and the distance between UCNP and InP is <10 nm to occur the (Figure 2A). The combination of these
two nanomaterials can also be seen in Figure 2B. After the InP QDs are modified and have a Si-OH group, they
became negatively charged. The negative ζ-potential (-147.36 mV) can be obtained. The aspartic acid band is
slightly negatively charged; however, the chitosan is positively charged, and the bond is not charged. Given that
the Si-OH group on the silica shell is negatively charged, it remained negatively charged after modification, so
the green bar graph can be obtained. Furthermore, a charge of -117.9 mV is obtained. When the UCNPs are not
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Figure 2. Basic characteristics of UCNP-p@InP-cRGD. TEM image of (A) upconversion nanoparticles-p@InP-cRGD. Scale bar indicated
50 nm. (B) Potential of nanocomposite is reached. (C) Size distribution of upconversion nanoparticles-p@InP-cRGD-modified matrix
metalloproteinase-2. (D) FTIR spectra of quantum dot-modified quantum dot complexes.
cRGD: Quantum dot conjugated with the RGD tripeptide with chitosan; OA: Oleic acid; InP: Indium phosphate; InP@S: InP and silica
coating quantum dot; UCNP: Upconversion nanoparticle.

charged, the dark blue bar graph with a value of 1.75 mV is obtained. The UCNPs are positively charged (2.23 mV)
after being modified with the MMP2-sensitive polypeptide and the expected result is consistent. As a result, the
entire nanocomposite was slightly negatively charged, and the result of the pink bar graph is -6 mV. The size
distribution of this nanocomposite is around 180 nm (Figure 2C). The FTIR also indicated that the characteristic
peaks appeared after the modification of both nanomaterials (Figure 2D). We identified the optical properties of
UCNP-p@InP-cRGD. Figure 3A shows the overlap between the fluorescence of UCNPs and the absorption peak
of InP QDs, and the phenomenon of fluorescence transfer between them. UCNP was identified as a fluorescent
life cycle, and the change in its fluorescence lifetime after modification by the core–shell structure was observed.
Figure 3B shows the nanocomposite of UCNPs combined with InP QDs. The lifetime was reduced from 0.58 to
0.56 ms because InP QDs absorb the upconverting fluorescence. As the characteristic peak of InP QDs absorbs the
fluorescence of UCNPs, the fluorescence lifetime still has a tendency to decrease. For in vitro MMP2 sensing, human
recombinant MMP2 was used for in vitro digestion of UCNP-p@InP-cRGD. The dose-dependent experiment of
MMP2 digestion was performed that 20, 40, 60, 80, 100 and 120 pM human recombinant MMP2 were added
into 0.2 mg/ml UCNP-p@InP-cRGD for 37◦C incubation. The fluorescence intensity gradually increased with
time (Figure 3C). Fluorescent emission at 540 nm demonstrated the performance of MMP2 in unraveling the
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Figure 3. The optical analysis of UCNP-p@InP-cRGD. (A) Absorption and emission spectra of nanocomposites. (B)
NaYF4:Yb/Er@NaYF4:Yb/Nd and NaYF4:Yb/Er@NaYF4:Yb/Nd-InP QD fluorescence lifetime. (C) Fluorescence transfer between
upconversion modification and nanocomposite. (D) Upconversion spectra and indium phosphide quantum dot spectra with several
human recombinant matrix metalloproteinase-2 proteins. The concentration-dependent digestion of matrix metalloproteinase-2 was
shown using photoluminescence spectrum, wherein 0.2 mg/ml of upconversion nanoparticles-p@InP-cRGD solution was incubated with 0,
20, 40, 60, 80, 100 and 120 pg/ml of human recombinant matrix metalloproteinase-2 for 1 h.
cRGD: Quantum dot conjugated with the RGD tripeptide with chitosan; OA: Oleic acid; InP: Indium phosphate; InP@S: InP and silica
coating quantum dot; UCNP: Upconversion nanoparticle.

UCNP-p@InP-cRGD. The exponential dose dependent of MMP2-digested UCNP-p@InP-cRGD was between
80 and 100 pM. All enzyme reactions reached a plateau after 1 h (Figure 3D).

In vitro cell active targeting & MMP2 sensing analysis
The cell test of UCNP-p@InP-cRGD was performed in gingival squamous cell carcinoma (Ca922) and tongue
squamous cell carcinoma (HSC4). The safety of the nanocomposite is the most important factor for biological
applications. The cytotoxicity of Ca922 and HSC4 was determined by AlamarBlue assay. We used different
concentrations of nanocomposites incubated with Ca922 and HSC4 cell lines. After 48 h of incubation, UCNP-
p@InP-cRGD showed slight cytotoxicity in Ca922 and HSC4 cell lines (Figure 4A & B). By increasing the
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Figure 4. In vitro cell viability test. Cell viability assay showed upconversion nanoparticles-p@InP-cRGD incubating in
the cancer cell lines of (A) Ca922 and (B) HSC4 at 24 h. Long-term incubation of upconversion
nanoparticles-p@InP-cRGD was shown no toxicity in Ca922 and HSC4.
cRGD: QDs conjugated with the RGD tripeptide with chitosan; InP: Indium phosphate; InP@S: InP and silica coating
quantum dot; UCNP: Upconversion nanoparticle; UCNP-p: Upconversion nanoparticle-conjugated indium phosphide
quantum dot.

concentration of UCNP-p@InP-cRGD, >80% of the cells survived. To conclude the result of cell viability,
UCNP-p@InP-cRGD has low cytotoxicity and is a biocompatible nanomaterial. Considering the decoration of
specific MMP2-sensitive polypeptide and RGD peptide on UCNP-p@InP-cRGD, we measured the expression
levels of MMP2 enzymes and integrin in these two cell lines (Figure 5). MMP2 was significantly expressed in HSC4
cell lines. In total, 10 μg/ml of UCNP-p@InP-cRGD was incubated in HSC4 cells for 12 h. After staining the
nucleus with DAPI, the UCNP-p@InP-cRGD was localized after MMP2 digestion and cell uptake. Cell sensing
was observed with a fluorescent microscope using 808-nm irradiation. Fluorescent emission from UCNP will
transfer the energy to InP QDs and emit red fluorescence, especially in HSC4 cells (Figure 6). As expected, the
HSC4 cell line with high expressions of MMP2 can be specifically sensed by UCNP-p@InP-cRGD relative to the
Ca922 cell line. Integrin was highly expressed in the HSC4 cell line, whereas fluorescence was not observed in
Ca922.
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Figure 5. Detecting specific targeting ability of UCNP-p@InP-cRGD nanocomposites. Cell development of
nanocomposites shows the cRGD can actively target the cancer cells and the cancer cell transfer peptide with matrix
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In vivo visualization of mouse sensing in MMP2 overexpressing cell line
All animal works were done at Genomic Research Center, Academia Sinica, according to a protocol approved
by Academia Sinica Institutional Animal Care and Utilization Committee (IACUC no. 16-05-957). We then
constructed a mouse model to prove our results. The model can simulate the overexpressed MMP2 in the human
body. The low MMP2-expressed cell line, Ca922 and the high MMP2-expressed cell line, HSC4 were injected in
the mice’s left and right thigh as a control group and experimental group. We injected the UCNP-p@InP-cRGD
into the mouse through intravenous injection. The red fluorescent signal demonstrated that MMP2 expression was
significantly lower in Ca922 than in HSC4 (Figure 7). Subsequently, UCNP-p@InP-cRGD was applied to HSC4
cells. The upconverting fluorescence was significantly observed in the HSC4 cell line.

Discussion
In recent years, the development of nanotechnology has received considerable attention, particularly nontoxic
inorganic nanoparticles. These nanoparticles have a narrow color gamut, good biological stability and strong
fluorescence intensity. These characteristics make the nanomaterials suitable to be used as biosensors [27,28]. In this
work, InP QDs were chosen as effective nanoplatforms. The surface modification makes InP QDs suitable for water
phase application. The size increase proves that the QDs modified with silica shell had successful single coatings.
Moreover, the particle size distribution is also uniform, which proves that the dispersion of QDs is uniform. MMP2
overexpression is usually involved in local cancer cell invasion and distant metastasis, leading to poor prognosis [29].
Most tumor cells could be effectively cured by surgery at an early stage. Oral cancer usually has high lymph
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Figure 6. Ca922 and HSC4 treated with upconversion nanoparticles-p@InP-cRGD for 12 h. The treatments were
processed by immunofluorescent staining and observed by fluorescence microscopy under 808-nm irradiation.
DAPI: 4′,6-Diamidino-2-phenylindole; InP: Indium phosphate; MMP2: Matrix metalloproteinase-2; UCNP:
Upconversion nanoparticle.

node metastasis and lacks a suitable marker for early diagnosis. Hence, we selected MMP2 to be a diagnostic
‘device’ in oral cancer. Based on current high research techniques, MMP2 has been detected very sensitively in
vitro. We can even use more than two signals to enhance the acuity of MMP2 sensing and make the detection
limit range of MMP2 to 0.01–10 ng/ml [30]. Following these professional studies, we hope that important cancer-
related molecules such as MMP2 can be detected in real-time in vivo. Thus, we produced UCNP-p@InP-cRGD,
a biosensor that can be recognized by MMP2. Integrin is located on the cell membrane and has high expression
in cancer cells, and targeting it could help the UCNP-p@InP-cRGD nanocomposite to be close to the cell and
carry out cell uptake. Several types of integrin receptors have a high affinity to RGD, especially the αVβ3 type
integrin. The modification of RGD can make particles be easily accumulated in the tumor cell and enhance the
signal. As a nanoscale biosensor, when MMP2 is not present in the environment, UCNPs are combined with InP
QDs. At this time, if the nanocomposite is irradiated with infrared light, the upconverted energy is transmitted
to the InP QDs and the InP QDs emit red light. However, when MMP2 is present in the environment, it will
recognize and cut the peptide chain, causing the separation of these two nanoparticles. At this time, if we use the
infrared light to excite the UCNPs, it will generate upconverted green fluorescence. As a result, the exponential
dose dependence of MMP2-digested UCNP-p@InP-cRGD was between 80 and 100 pM. The sensor system was
confirmed with in vivo cell analysis. Two different cell lines, Ca922 and HSC4, were chosen as oral cancer models.
HSC4 cell line has a high degree of metastasis and performs an amount of MMP2 compared with Ca922 cell line.
Thus, we suggested that MMP2 digestion did not occur in Ca922 cell sensing and only showed the InP QDs
red fluorescence. This is because MMP2 protein just cut the MMP2-sensitive polypeptide from the HSC4 cells
and emitted upconverted green fluorescence. Finally, we transferred the UCNP-p@InP-cRGD system into cells
and mice for effect confirmation. In different concentrations of MMP2, the UCNP-p@InP-cRGD biosensor can
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Figure 7. Matrix metalloproteinase-2 expression constructed in a matrix metalloproteinase-2-deficient cell lines Ca922 and HSC4.
Composite nanoparticles combine two or more substances in a single particle. In addition to combining multiple functions, new
properties of upconverting nanoparticles as a specific biosensor can also be generated.

detect the presence or absence of MMP2 by fluorescence differential specificity in vitro and in vivo. The MMP2
plays a big role in the metastatic progression of cancer cells. Current medical research usually uses blood tests to
detect specific protein or molecules. This system can be tracked in the organism and the signal can be detected by
the wavelength changes of the fluorescence, indicating that UCNP-p@InP-cRGD is an effective sensor. For future
biomedical applications, UCNP-p@InP-cRGD can be a probe that guides MMP2 detection.

Conclusion & future perspective
In this study, we produced an MMP2-sensitive nanocomposite UCNP-p@InP-cRGD. UCNP-p@InP-cRGD can
effectively detect MMP2-expressing cancer cell line (HSC4). The nanomaterial could also sense secreted MMP2
in vitro and in vivo from the cell culture during the mouse test. The MMP2 sensor can be used to detect cancers
with poor prognosis induced by MMP2. The major implication of MMPs in cancer progression is their role in
extracellular matrix degradation, which allows cancer cells to migrate out of the primary tumor to form metastases.
Specifically, MMP-2 can degrade collagen. Degradation of the basement membrane is an essential step for metastatic
progression of most cancers. This MMP2-sensitive nanocomposite can be applied to detect the amount of MMP2.
Following the guides for this sensor, clinical trials for cancer therapies using MMP inhibitors may yield successful
results.
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Summary points

• The development of nanotechnology received considerable attention, especially nontoxic inorganic
nanoparticles.

• The indium phosphide quantum dot (InP/ZnSeS/ZnS QD) nanoparticles have a narrow color gamut, good
biological stability and strong fluorescence intensity.

• In the absence of matrix metalloproteinase-2 (MMP2) in the environment, if the nanocomposite is irradiated with
infrared light, then the upconverted energy is transmitted to the QDs and emit red light by the InP QDs.
However, when MMP2 is present, it will recognize and cut the peptide chain, causing the separation of the two
nanoparticles. Hence, if we use the infrared light to excite the upconverting nanoparticles, then it will generate
upconverted green fluorescence.

• To obtain this result and determine whether MMP2 can be recognized by this biosensor, we used confocal
microscopy to confirm that the nanocomposites can enter the cell via endocytosis.

• In order to facilitate the accumulation of the nanocomposite in cancer cells, the silica-coated InP QDs were
modified with arginylglycylaspartic acid (RGD) molecules as targeting ligand based on chitosan, named
UCNP-p@InP-cRGD. When the cell uptake images are superimposed, we found that the MMP2-based biosensor is
sensitive and can be applied as a good biosensing and biotracking fluorescent probe.
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