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. An M13 bacteriophage-based Férster resonance energy transfer (FRET) system is developed to estimate
intermolecular distance at the nanoscale using a complex of CdSSe/ZnS nanocrystal quantum dots,
genetically engineered M13 bacteriophages labeled with fluorescein isothiocyanate and trinitrotoluene

. (TNT) as an inhibitor. In the absence of trinitrotoluene, it is observed that a significant spectral shift

. from blue to green occur, which represents efficient energy transfer through dipole-dipole coupling

. between donor and acceptor, or FRET-on mode. On the other hand, in the presence of trinitrotoluene,

. the energy transfer is suppressed, since the donor-to-acceptor intermolecular distance is detuned by the

. specific capturing of TNT by the M13 bacteriophage, denoted as FRET-off mode. These noble features

. are confirmed by changes in the fluorescence intensity and the fluorescence decay curve. TNT addition

© to our system results in reducing the total energy transfer efficiency considerably from 16.1% to 7.6%

. compared to that in the non-TNT condition, while the exciton decay rate is significantly enhanced. In
particular, we confirm that the energy transfer efficiency satisfies the original intermolecular distance
dependence of FRET. The relative donor-to-acceptor distance is changed from 70.03 A to 80.61 A by
inclusion of TNT.

. In the biological recognition process, the molecular interaction between receptors and analytes is often associated
. with a conformational change due to specific physical or chemical binding'-*. The optical transduction of such
conformational changes for complex molecules provides a method of identifying unknowns, understanding tran-
sient molecular dynamics, and devising bio-optical sensing mechanisms*-*. Enormous research efforts have been
© made to optically transduce conformational changes of complex molecules, and these have resulted in the devel-
: opment of various optical sensing techniques, such as fluorescent assays®'3, surface plasmon resonance (SPR),
. localized surface plasmon resonance (LSPR)'*"", surface-enhanced Raman scattering (SERS)'8-?!, and Forster
: resonance energy transfer (FRET)??~%6, In particular, the FRET technique has been extensively investigated over
decades since it offers a broad view of molecular dynamics as a spectroscopic ruler?”. FRET-based sensing facil-
itates the visualization of receptor-analyte interactions through the detection of color change and provides clues
regarding relative intermolecular distances between reacting molecules through time-integrated or time-resolved
analysis. Consequently, the FRET-based approach has been widely utilized in various applications such as medi-
- cal diagnostics®, biomarkers??, cell imaging®'*>, DNA sequence analysis***, molecular interaction in DNA or
. proteins®*~*!, and chemosensors?#>*,
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However, if receptors do not have exceptional affinity and specificity for an analyte, the noticeable advantages
of FRET cannot be guaranteed. Recently, unique functions of biomaterials from protein display platform have
been utilized in interesting way, expanding their usage for novel applicationsincluding biosensing*, cancer ther-
apy™®, stem cell control*® and gene therapy?’.

Especially, the M13 bacteriophage (phage) has attracted attention as a next-generation receptor material*->*
due to its specific binding properties and well-defined shape (cylindrical shape, 880 nm in length and 6.6 nm
in diameter)®*% for FRET-based applications®*~*%. By using a site-specified M13 phage, these applications
demonstrate excellent spectral changes and rapid fluorescence quenching. The suitability of the M13 phage for
FRET-based sensing applications is proven by its structural features. Since the M13 phage is covered with 2,700
copies of a major coat protein (pVIII) on its surface and minor proteins (pIII, pVI, pVII and pIX) at both of its
ends, site-specific modification for binding with incoming particles is straightforward®. In particular, the M13
phage has outstanding advantages in labelling simplicity and a high sensitivity for analyte detection®.

Neverthless, the role of the M13 phage as a scaffold for immobilization of fluorescent dyes in a FRET-based
optical application is limited. Considering that resonant coupling between dipoles is within 100 A%, the dimen-
sions of the M13 phage are much larger. On this account, the M13 phage is often used in a single-molecular FRET
scheme, whereby a donor and acceptor pair is immobilized onto the M13 phage®->%. The dipolar interaction in
an M13 phage-based FRET system occurs between immobilized dyes on two neighboring N-termini of pVIII
proteins. The intermolecular distance between them is about 24~32 A%, This restriction can affect the sensitivity
of FRET-based analyte sensing because it limits the number of specific peptides of the M13 phage eligible to par-
ticipate in receptor-analyte reactions.

In this work, we designed an M13 phage-based FRET system using a complex of water-soluble CdSSe/ZnS
nanocrystal quantum dots (donor, blue emission, NQDs), a genetically engineered M13 bacteriophage labeled
with fluorescein isothiocyanate (acceptor, green emission) and trinitrotoluene (TNT) as an inhibitor. The novel
performance features of the M13 phage-based FRET system were practically confirmed by fluorescence spectra
and fluorescence decay curves. Also, we applied the M13 phage-based FRET system to validate the performance
of the TNT suppression process in reducing the total energy transfer efficiency. Finally, we estimated the relative
intermolecular distance between a donor and acceptor based on the energy transfer efficiency.

Results

Figure 1 illustrates a TNT blocking mechanism based FRET system using the genetically engineered M13 phage.
To implement a resonance energy transfer system, water-soluble alloyed CdSSe/ZnS nanocrystal quantum dots
(NQDs) and a fluorescein isothiocyanate-labeled M13 phage (FITC-M13 phage) were used as an energy donor
and energy acceptor, respectively. NQDs were positively charged by a polydiallydimethyl-ammounium chloride
(PDDA) organic coating layer and had no linkable functional groups. FITC was immobilized on the head of the
M13 phage. For this, streptavidin-FITC and genetically engineered M13 phage with biotin-like peptides consist-
ing of histidine (His, H), proline (Pro, P), and glutamine (Gln, Q) were used.

An M13 phage is negatively charged due to aspartic (Asp, A) and glutamic acids (Glu, E) that are regularly
distributed on its surface, and it has been additionally genetically engineered to contain tryptophan (Trp, W) and
His, which effectively bind aromatic compounds.

In a complex solution of NQDs and FITC-M13 phages, Coulomb interactions between the NQDs and M13
phages cause the particles to attract each other and provide an intermolecular distance suitable for efficient energy
transfer from the NQDs to FITC. Therefore, FITC dominantly emits green fluorescence (515nm) under UV light
excitation (390 nm), as shown in Fig. 1, although it has a very low molar extinction coefficient at this wavelength
(Fig. S1).

SCIENTIFICREPORTS| (2019) 9:496 | DOI:10.1038/s41598-018-36990-0 2



www.nature.com/scientificreports/

(a) Control Blocking Mechanism

—H HHH

FRET-  FRET- Excitation FRET-On FRET-Off
Acceptor Donor Light w Inhibitor

(b) CdSSe/znS QD
—o— Absorption
—e— Emission

2 08 FITC-M13 Phage
o —— Absorption
9 061 —e— Emission
c 0.
e]
o]
N
® 0.4p>
£
2
0.2}

0.0 n 1 DA . G Vi ) A "800
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 2. (a) The color change of separate and complex molecules in the absence and presence of NaCL
Cationic conjugated polymer and FITC-labelled M13 phage were used as the donor and acceptor, respectively.
(b) The optical properties of CdSSe/ZnS QD (donor) and FITC (acceptor)-labeled M13 bacteriophage. Dotted
line indicates Gaussian curve fitting of NQDs’ emission.

Suitable environments for FRET are significantly negatively affected in the presence of TNT. Under the same
light excitation condition, the complex solution of NQD and FITC-M13 phage fluoresces blue (450 nm), indi-
cating the hindering of energy migration. When TNT solution is added to the complex solution of NQD and
FITC-M13 phage, TNT distrupts the electrostatic interactions between NQDs and the M13 phage. TNT binds to
the amino acids of the peptides of the M13 phage due to noncovalent attraction between delocalized 7-electrons
distributed on their aromatic rings, called 7-7 interaction or 7-stacking®'. This noncovalent interaction between
aromatic 7-systems is caused by the quadrupole moment of the 7r-ring and substituent effects***-%%. In this pro-
cess, tryptophan having an electron-donating primary amino group readily reacts with an electron-withdrawing
analyte, TNT, to form the Meisenheimer complex®>®.

We first demonstrate a blocking mechanism to inhibit FRET sensing. To prove the mechanism, a
FITC-conjugated M13-phage was prepared as a FRET-acceptor. As shown in Fig. 2(a), when the donor was added
to the acceptor, energy transfer was observed without the presence of an inhibitor. The green light (FRET-on)
is emitted by energy transfer from the FRET-donor, and we confirmed that the wavelength matched that of the
FRET-acceptor. The blocking mechanism was experimentally confirmed with addition of the inhibitor. Under
400-nm laser excitation, the green emission of FITC was dominantly observed, while the emission wavelength
was dramatically changed back to blue when the inhibitor was added to the solution. This phenomenon indicates
that the energy transfer can be effectively controlled by the electrostatic binding of inhibitors.

For a better understanding of the FRET mechanism with M13 phages, the optical properties of CdSSe/ZnS
NQDs (core-shell type) and the FITC-M13 phage were measured, as shown in Fig. 2(b). Under the irradiation
of continuum light (Xe-lamp), the NQD ensemble exhibited a large interband absorbance, which depends on
coupling between the valence and conduction bands of the CdSSe core in the UV region. In particular, two peaks
(345nm and 430 nm), which have relatively higher absorption coefficients than those of other spectral regions
above the threshold wavelength (475 nm) for the carrier (electron) excitation, were observed. Since the absorption
spectrum provides information about the electronic energy states within NQDs, we chose the suitable wavelength
for carrier excitation at which photons can easily undergo an interband transition, allowing for these sub-bands®’.

Under non-resonant excitation at a higher energy level (390 nm) than the band edge of NQDs, the emission
spectra of NQDs showed a Gaussian-like shape with a normal distribution due to the size dispersion of the NQDs.
The maximum fluorescence intensity of the NQDs was observed at 458 nm, and its FWHM (full width half max-
imum) was about 33 nm. At longer wavelengths than 580 nm, the fluorescence spectrum of the NQDs exhibited
a distorted Gaussian symmetry, which indicated lower energy states within NQDs due to surface impurities or
organic ligand materials that enable carrier trapping. Organic ligands used to synthesize the colloidal quantum
dots or for surface passivation can act as fluorescence quenchers through molecular contact with excited carriers
(self-quenching).

The FITC-M13 phage showed a broad absorption spectrum with a maximum intensity at 489 nm. Several
sub-bands (350 nm and 462 nm) related to electronic vibrational energy states were also observed in the absorp-
tion spectrum. Unlike semiconductors, the energy states of organic molecules consist of electronic, rotational,
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Figure 3. (a) The fluorescence intensities of separate molecules (donor and acceptor) and complex in the
absence and presence of TNT were measured under 390-nm laser excitation. (b) The fluorescence decay
dynamics of separate molecules and the complex donor in the absence and presence of TNT. Filled circles
indicate the IRF signal with a FWHM of 220 ps. (c) The wavelength dependence of the donor fluorescence decay
time in the absence and presence of TNT.

and vibrational states grouped by spin multiplicity, because atoms can vibrate about their covalent bonds®’. In
addition, according to the Jablonski energy diagram® of organic molecules, absorption occurs between the
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital). Nevertheless,
light absorption by organic molecules should obey the selection rules. As a result, the energy bands observed in
the absorption spectrum of the FITC-M13 phage indicated spin-allowed transitions, namely singlet-singlet or
S, — S, transition®’.

Unlike the fluorescence spectrum of donors, the FITC-M13 phage showed broad emission with a max-
imum peak at 511 nm. The optical transition between the HOMO and LUMO in organic dyes follows the
Franck-Condon principle®®. Thus, the emission spectrum of the FITC-M13 phage exhibited mirror symmetry
in its absorption spectrum because the intensity of the vibronic transition is proportional to the overlap between
the initial and final vibrational wave functions®. In addition, the spectral overlap between the donor emission
spectrum and the acceptor absorption spectrum was analyzed, shown in Fig. 2(b). Spectral overlap (J) can be cal-
culated by integrating the wavelength-dependent product of the normalized fluorescence intensity of the donor
(Fp(\)) and the molar extinction coefficient of the acceptor (£,(\))*:

= f Fo(\)y (DA M

This overlap provides a means of assessing the extent of resonant coupling between the donor and acceptor
molecules and of determining the energy migration (Fig. S2).

Figure 3 presents the fluorescence intensities of free NQD, the FITC-M13 phage and their mixture. Under
390-nm laser excitation, the fluorescence spectrum showed a significant change after interaction between the
NQDs and FITC-M13 phages. Figure 3(a) is a fluorescence intensity spectrum of NQD and the FITC-M13 phage
with NQD complex under 390-nm-wavelength light excitation. The intesity of the FITC-M13 phage should have
relatively low emission due to the wavelegnth mismatch, as shown in the previous figure. However, the energy
transfer between the NQDs and FITC-M13 phages attached by electrostatic interactions causes fluorescence
emission at near 520 nm. Thus, it was proven that changes in the fluorescence intensities from the donor and
acceptor originated from energy transfer between NQDs and FITC-M13 phages. On the other hands, in the
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Figure 4. (a) Intensity spectra of the fluorescence dependence on the TNT concentration and the fluorescence
of the NQDs, NQDs + FITC-M13 phage complex. After complexation of NQDs and FITC-M13 phage, the
change in fluorescence intensity of NQDs is not distinguishable due to light scattering. (b) The reduced
fluorescence intensities of FITC are indicated when TNT is added to the solution to act as a blocking material.

presence of TNT, the fluorescence intensity of NQDs significantly decreased as shown in Fig. 3(a). This indicates
that TNT can interact with NQDs regardless of the presence of FITC-M13 phage although NQDs have no func-
tional group. Thus, we can expect that the total energy transfer is determined by the competition between TNT
quenching effect on NQDs and FRET.

Fluorescence decay time was also measured to examine the FRET phenomenon between the NQDs and the
FITC-M13 phages in Figs 3(b,c) and S3. Figure 3(b) shows the ultrafast decay dynamics of individual NQDs and
the NQDs/FITC-M13 phage mixture. The fluorescence decay time is calculated by multi-exponential fitting as
given below”’,

I(t) = I + a, exp(—t/7) + a, exp(—t/7) (2)

where a, and a4, are the weight factors of each of the decay components and 7, and 7, are the decay time. The
average decay time is determined by

(1) = (ay5 + a,)/(a; + a,) (3)

Under excitation, excitons in a complex solution multi-exponentially decay, while they single-exponentially
decay (8.54 ns) in a solution of only NQDs. On the other hand, the average lifetime of the excitons as calculated by
the amplitude average”® of the decay components changed to 2.28 ns after complexation with FITC-M13 phages.
These changes in the decay curve are phenomenologically reasonable because it has been reported that new decay
pathways such as the energy transfer process lead to a reduction of the exciton lifetime”'~">. Similarly, the fluores-
cence quenching effect by TNT as an additional decay process make decay time shorter than original decay time
of NQDs.

The measurements of the fluorescence decay time of NQDs showed a wavelengh-dependent nature, shown
in Fig. 3(c). In separate donor molecules, the fluorescence decay time increased from 16.6 ns to 22.97 ns as the
detection wavelength increased. The fluorescence decay time of NQDs showed a parabolic shape in the presence
of M13 phage, which has the shortest decay time (15.41 ns) at around 462 nm. In practice, resonant coupling
between NQDs and FITC is the strongest at this wavelength. Interestingly, this tendency in the fluorescence decay
time was also observed in the complex solution of NQDs and M13 phages without FITC. This phenomena rep-
resents that homo-FRET takes place within NQDs assembled to M13 phage by the electrostatic interaction’. On
the other hands, this resonant coupling between NQDs becomes weak in the presence of TNT.

Finally, we applied the FRET system using the M13 phage to detect TNT concentrations. As we mentioned in
Fig. 1, M13 phages are designed to strongly attract TNT since the Trp (W) and His (H) displayed on the surface
of M13 phage have a high affinity for TN'T”>. Thus, noncovalent attractions occur between the amino acids of the
peptides on M13 phages and the delocalized 7-electrons distributed on the aromatic rings of TNT*62-64 Since the
change in fluorescence intensity of FITC-M13 phage by FRET mechanism corresponds to the reduction in that of
NQDs, we first checked the TNT effect on NQDs (Figs S4-S6) when we added different concentrations of TNT
in solution. And then added them to solutions of FITC-M13 phages. We expected the TNT to bind to the surface
of M13 phages and interupt the FRET mechanisms. Figure 4(a) shows the FRET signal data from 100 ppm to 600
ppm TNT addition. In the presence of TNT, we found that the fluorescence intensities of FITC decreased. The
fluorescence intensity of FITC decreased quite linearly and became saturated at concentrations above 600 ppm.
The reduced fluorescence intensities of FITC which is attached on M13 phage are indicated in Fig. 4(b) by add-
ing TNT in the solution to act as a suppressor. Eventually, the suppression of TNT in our FRET system could be
determined by the binding affinity of phage. According to our previous results, M13 phage displayed with WHW
peptides could detect TNT up to 300 ppb®. In case of FRET-based phage-anaylte system, the excellent sensitivity
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Figure 5. The energy transfer efficiency and the relative intermolecular distance in the absence and presence of

of 5ppb was reported*. However, our FRET system is more complicated because the interaction between NQDs
and M13 phage was observed. Nevertheless, as indirectly guessed from the change in fluorescence intensity of
FITC before and after complexation or TNT addition, the TNT suppressor ability of our system is about 400 ppm.
In particular, it can be said that the blocking mechanism of TNT influences the relative intermolecular distance
and suppresses the energy transfer from NQDs to FITC.

Here, we estimated the relative intermolecular distance between the donor and acceptor based on the energy
transfer efficiency. The relative donor-to-acceptor intermolecular distance (Rp,) can be calculated by the Forster
theory® when the Férster distance (Ry), which is the distance at 50% efficiency of energy transfer, is 53.21 A:

Epggr = Rg/(RG + R3,) (4)

The theoretical FRET efficiency equation, which is only determined by the FRET term, could not be applied
on a practical FRET system because of fluorescence quenching. Various exciton deactivation processes such as
charge transfer or carrier trapping including self-quenching drive fluorescence quenching’®7°. Moreover, the
presence of charged fluorescence quenchers can lead to the transformation of the overall dipole distribution.
Thus, random dipole orientation factors®® used generally in liquid solution may no longer be valid.

Nevertheless, we can expect that the energy transfer efficiency is inversely proportional to RS, because the
efficiency is dominantly decided by the energy transfer between the donor and acceptor. Considering the mor-
phology of constituents within our FRET system, NQDs and M13 bacteriophage may be aggregated each other or
single NQDs may be bound on the surface of M13 bacteriophage and arranged along to its surface by Coulomb
interaction. In addition, the radius of NQDs is more two times longer than the distance between subunits
(N-termini) of M13 phage and the hopping or the energy transfer of excited carriers on the surface of M13 phage
will be randomly progressed. Thus, the relative intermolecular distances between NQDs and FITC-M13 phages
can be calculated by the effective energy transfer efficiency. Figure 5 shows the relative intermolecular distances
between NQDs and FITC-M13 phages. In the absence of TNT, the donor-to-acceptor distance was estimated to
be 70.03 A, and this value is reasonable considering the sizes of alloyed CdS,Se,_; NQDs®*' and FITC. On the
other hand, in the presence of TNT, the relative donor-to-acceptor intermolecular distance was changed to 80.61
A.

Discussion

Here, to more quantitatively analyze the temporal dynamics of donors in a complex solution of NQDs and
FITC-M13 phages, we applied the rate equation involved in exciton decay. In general, the fluorescence decay rate
of the donor (kg) is defined by kp = kg + kpopraq» Where kgand kp = kg + kg are the radiative and non-
radiative decay components, respectively®®. Since k. . 4 is associated with intrinsic properties of a separate donor
molecule, such as trap sites or impurities, we can rewrite as k;,.. If a new decay process (k,.,,) producing a reduc-
tion in the fluorescence intensity is present, the previous decay rate equation should be modified as

kl):lK = krad + kint + krfonrad + knew (5)

wherek ,isan additional nonradiative component. However, k% ., is negligible because the discrepancy in

the fluorescence intensity of NQDs before and after the complexation with M13 phage is attributed to a change in
the concentration of NQDs (Fig. S7). Thus, the fluorescence decay rate of the donor in a complex solution of
NQDs and FITC-M13 phages in which FRET is occurring can be rewritten as

kit = kg + kine + kprer (6)

where kpppr has a positive value because the fluorescence intensity of the donor is quenched by FRET.
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Assuming that FRET is only involved in the fluorescence quenching of the donor, the energy transfer effi-
ciency (Epggr) can be theoretically calculated by
Kergr _ b~ Iy

Epper = =
kiaa + Kine + kerpr Ip (7)

where I, and Iy, are the fluorescence intensities in the absence and presence of an acceptor, respectively®. In the
complex solution of NQDs and FITC-M13 phage, the calculated FRET efficiency of the donor was 16.1%.

However, in the presnece of TNT, the previous rate equation for the donor is no longer valid because TNT
produces additional quenching of the fluorescence intensity of the donor. Thus, the fluorescence decay rate of the
donor including a new carrier deactivation process due to TNT should be corrected as

ki_rnt = kraa + ki + kprer + Frar (8)

where kpyr is the exciton decay rate due to TNT. Therefore, we can calculate the effective energy transfer efficiency
(E.g) in the presence of TNT as given below.

Ey — Kerer _ b~ Ips e
€l
Keaa + King + Kerer + krnr Iy 9)

where I,y _ 1y is the fluorescence intensity of the donor in the presence of TNT. The subscript DA indicates a
complex solution of NQDs and FITC-M13 phages (Fig. S8). The effective energy transfer efficiency in the pres-
ence of TNT was 7.6%, while the total fluorescence quenching efficiency including FRET and the TNT-related
effect was 60.4% (S9). In particular, this quantitative estimation for M13 phage-TNT interaction provides the
scalability to other biomarker detection since M13 phage can be specified for analyte detection by phage display.

Concluding Remarks

We demonstrated the effective discrimination of TNT using an M13 phage-based on/off FRET sensor. In on/
off-mode operation, our sensor sensitively detected incoming TNT through a spectral change from green to blue
color due to FRET on/off switching. This feature was also confirmed from the change in the fluorescence inten-
sity and temporal behavior of exciton decay. During on/off switching of the FRET due to TNT, the total energy
transfer efficiency and the relative donor-to-acceptor intermolecular distance were effectively controlled by the
change in the electrostatic interaction between NQDs and M13 phages. By phenomenological analysis, the energy
transfer efficiency and relative intermolecular distance were also estimated. In particular, our M13 phage-based
FRET system followed the original distance dependence of (1/Rp, )¢, although the total fluorescence quenching
efficiency was controlled by the combined process of energy harvesting and carrier deactivation. Consequently,
this on/off sensing shows that M13 phage not only directly controls the energy transfer but also simultaneously
detects incoming analytes through the bimolecular FRET system. In our study, a fascinating biomaterial, M13
phage, was utilized as an independent functional system for FRET on/oft switching using thier unique protein
display platform.

Experimental Section

Sample preparation. As energy donors for FRET application, water-soluble alloy CdSSe/ZnS core/shell
quantum dots with an amphiphilic polymer and PDDA coating (QSQ-450, Ocean Nano Tech) were used. PDDA
was used for good aqueous solubility as well as electricity (positive charge). While oleic acid or octadecylamine,
which used in the synthesis process of inorganic core-shell quantum dots, are insoluble in water, NQDs can
become soluble in water by the wrapping of amphiphilic polymer and PDDA. The concentration of the stock
solution was 8 M. There was no linkable reactive group on their surface. The quantum yield of NQDs was above
50%. Streptavidine-FITC conjugate (Sigma-Aldrich) was used as the energy acceptor. Lyophilized powder was
dissolved in distilled water (DI) at 1 mg/ml concentration. The extent of labeling was 3~9 mol FITC per mol
streptavidine. For complexation of the donor and acceptor, a 1/20 diluted NQD solution was used because of its
high molar extinction coefficient compared to FITC, while a stock solution of FITC was used as an acceptor. After
mixing of the NQDs (4nM) and FITC (2.7 nM) in DI water, the time-integrated and time-resolved fluorescence
were measured. TNT powder was dissolved in a mixture of dimethyl sulfoxide (DMSO) and DI water (DMSO:DI
water =2:1). For TNT detection, a 100 ppm solution was repeatedly added to the complex solution of NQDs and
FITC-M13 phage.

Genetic engineering of the M13 phage. For the selective detection of TNT, genetically engineered M13
phage in which Trp (W) and His (H) were displayed on their surface was used (WHW-phage). The detailed
processes for phage synthesis and amplification are based on the previous reports®. To make sure the phages are
purified before use in FRET system, the WHW phages DNA were purified by DNA isolation kit and the sequence
analysis. The detailed information of the phage purification process is described in S10 and fig. S10. The concen-
trations of the phage suspensions were calculated by the formula given below:

mg of phages/mL = (A269 — A320)/3.84

where A269 and A320 represent the absorbance of the phage suspension at 269 nm at 320 nm, respectively. In all
measurements, 5mg/ml M13 phage stock solution was used with additional dilution in DI water.

Time-integrated Fluorescence measurement. The fluorescence intensities of NQDs and FITC were
measured by using a 390-nm pulsed diode laser (N-390, NanoLED, Horiba Jobin Yvon) and a spectrofluorometer
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(Fluorolog-3, Horiba Jobin Yvon). Under laser excitation, the fluorescence signal was recorded using a photo-
multiplier tube (PMT, R928P, Hamamatsu Photonics). The bandwidth and light intensity of detected signals were
controlled by slits in the monochromators. The spectral resolution was about 0.5 nm. All measurements were
carried out at room temperature.

Time-resolved Fluorescence measurement. The ultrafast decay dynamics of NQDs and FITC were
measured using a time-correlated single photon counting (TCSPC) system (SPC-130EM, Becker & Hickl GmbH).
As an excitation light source, a 404-nm pulsed diode laser (LDH series, PicoQuant) was used. The repetition rate
of the pulse was adjusted by a PDL 800-B controller (PicoQuant). The pulse duration of the laser was below 75 ps.
The fluorescence signal was collected by a PMT detector (PMH-100, Becker & Hickl GmbH). The time resolution
was below 220 ps. All measurements were carried out at room temperature.

References

1. Boehr, D. D., Nussinov, R. & Wright, P. E. The role of dynamic conformational ensembles in biomolecular recognition. Nat. Chem.
Biol. 5, 789-796 (2009).

2. Ahmad, M., Helms, V., Kalinina, O. V. & Lengauer, T. The role of conformational changes in molecular recognition. J. Phys. Chem.
B 120, 2138-2144 (2016).

3. Savir, Y. & Tlusty, T. Molecular recognition as an information channel: The role of conformational changes. The workshop on
biological and bio-inspired information theory, 43rd annual conference on information sciences and systems, https://doi.
org/10.1109/CISS.2009.5054833 (IEEE, Baltimore, MD, USA, 2009).

4. Kahsai, W,, Rajagopal, S., Sun, J. & Xiao, K. Monitoring protein conformational changes and dynamics using stable-isotope labeling
and mass spectrometry. Nat. Protoc. 9,1301-1319 (2014).

5. Ahn, H.,, Song, H., Shin, D. -M., Kim, K. & Choi, J. -R. Emerging optical spectroscopy techniques for biomedical applications: A brief
review of recent progress. Appl. Spectrosc. Rev. 1-15 (2017).

6. Choi, J.-r,, Song, H., Sung, J. H., Kim, D. & Kim, K. Microfluidic assay-based optical measurement techniques for cell analysis: A
review of recent progress. Biosens. Bioelectron. 77, 227-236 (2016).

7. Kim, K. et al. Nanoscale localization sampling based on nanoantenna arrays for super-resolution imaging of fluorescent monomers
on sliding microtubules. Small 8, 892-900 (2012).

8. Kim, K. et al. Nanoisland-based random activation of fluorescence for visualizing endocytotic internalization of adenovirus. Small
6,1293-1299 (2010).

9. Alivisatos, P. The use of nanocrystals in biological detection. Nat. Biotechnol. 22, 47-52 (2004).

10. Li, N. & Ho, C.-M. Aptamer-based optical probes with separated molecular recognition and signal transduction modules. J. Am.
Chem. Soc. 130, 2380-2381 (2008).

11. Ho, H.-A. & Leclerc, M. Optical sensors based on hybrid aptamer/conjugated polymer complexes. J. Am. Chem. Soc. 126, 1384-1387
(2004).

12. Oh, K. J,, Cash, K. J. & Plaxco, K. W. Beyond molecular beacons: Optical sensors based on the binding-induced folding of proteins
and polypeptides. Chem. Eur. J. 15, 2244-2251 (2009).

13. Lakowicz, J. R. & Szmacinski, H. Fluorescence lifetime-based sensing of pH, Ca**, K* and glucose sensor. Actuat. B: Chem. 11,
133-143 (1993).

14. Anker, J. N. et al. Biosensing with plasmonic nanosensors. Nat. Mater. 7, 442-453 (2008).

15. Rodriguez-Lorenzo, L., Rica, R. d. 1, Alvarez-Puebla, R. A., Liz-Marzén, L. M. & Stevens, M. M. Plasmonic nanosensors with inverse
sensitivity by means of enzyme-guided crystal growth. Nat. Mater. 11, 604-607 (2012).

16. Kabashin, A. V. et al. Plasmonic nanorod metamaterials for biosensing. Nat. Mater. 8, 867-871 (2009).

17. Ahn, H,, Song, H., Choi, J.-R. & Kim, K. A localized surface plasmon resonance sensor using double-metal-complex nanostructures
and a review of recent approaches. Sensors 18, 98-117 (2018).

18. Song, H. et al. Plasmonic signal enhancements using randomly distributed nanoparticles on a stochastic nanostructure substrate.
Appl. Spectrosc. Rev. 51, 646-655 (2016).

19. Kho, K. W,, Dinish, U. S., Kumar, A. & Olivo, M. Frequency shifts in SERS for biosensing. ACS Nano 6, 4892-4902 (2012).

20. Bantz, K. C. et al. Recent progress in SERS biosensing. Phys. Chem. Chem. Phys. 13, 11551-11567 (2011).

21. Singha, K. & Kalkan, A. K. Surface-enhanced Raman scattering captures conformational changes of single photoactive yellow
protein molecules under photoexcitation. J. Am. Chem. Soc. 132, 429-431 (2010).

22. Zhang, C.-Y,, Yeh, H.-C., Kuroki, M. T. & Wang, T.-H. Single-quantum-dot-based DNA nanosensor. Nat. Mater. 4, 826-831 (2005).

23. Medintz, L. L. et al. Self-assembled nanoscale biosensors based on quantum dot FRET donors. Nat. Mater. 2, 630-638 (2003).

24. Clapp, A. R. et al. Fluorescence resonance energy transfer between quantum dot donors and dye-labeled protein acceptors. J. Am.
Chem. Soc. 126, 301-310 (2004).

25. Nguyen, B. L. et al. Conjugated polyelectrolyte and aptamer based potassium assay via single-and two-step fluorescence energy
transfer with a tunable dynamic detection range. Adv. Funct. Mater. 24, 1748-1757 (2014).

26. Gaylord, B. S., Heeger, A. ]. & Bazan, G. C. DNA detection using water-soluble conjugated polymers and peptide nucleic acid probes.
Proc. Natl. Acad. Sci. USA 99, 10954-10957 (2002).

27. Stryer, L. & Haugland, R. P. Energy transfer: a spectroscopic ruler. Proc. Natl. Acad. Sci. USA 58, 719-726 (1967).

28. Jo, H. & Ban, C. Aptamer-nanoparticle complexes as powerful diagnostic and therapeutic tools. Exp. Mol. Med. 48, €230 (2016).

29. Zeng, Q., Li, Q., Ji, W,, Bin, X. & Song, J. Highly sensitive homogeneous immunoassays based on construction of silver triangular
nanoplates-quantum dots FRET system. Sci. Rep. 6, 26534 (2016).

30. Qiu, X. & Hildebrandt, N. Rapid and multiplexed microRNA diagnostic assay using quantum dot-based forster resonance energy
transfer. ACS Nano 9, 8449-8457 (2015).

31. Hu, X,, Li, Y, Liu, T, Zhang, G. & Liu, S. Intracellular cascade FRET for temperature imaging of living cells with polymeric
ratiometric fluorescent thermometers. ACS Appl. Mater. Inter. 7, 15551-15560 (2015).

32. Chung, E. Y. et al. Activatable and cell-penetrable multiplex FRET nanosensor for profiling MT1-MMP activity in single cancer cells.
Nano Lett. 15, 5025-5032 (2015).

33. Kang, M. et al. Signal amplification by changing counterions in conjugated polyelectrolyte-based FRET DNA detection.
Macromolecules 42, 2708-2714 (2009).

34. Wang, S., Gaylord, B. S. & Bazan, G. C. Fluorescein provides a resonance gate for FRET from conjugated polymers to DNA
intercalated dyes. J. Am. Chem. Soc. 126, 5446-5451 (2004).

35. Ha, T. et al. Initiation and re-initiation of DNA unwinding by the Escherichia coli Rep helicase. Nature 419, 638-641 (2002).

36. Uphoff, S. et al. Monitoring multiple distances within a single molecule using switchable FRET. Nat. Methods 7, 831-836 (2010).

37. Gregorio, G. G. et al. Single-molecule analysis of ligand efficacy in 32AR-G-protein activation. Nature 547, 68-73 (2017).

38. Kenworthy, A. K. Imaging protein-protein interactions using fluorescence resonance energy transfer microscopy. Methods 24,
289-296 (2001).

SCIENTIFIC REPORTS |

(2019) 9:496 | DOI:10.1038/s41598-018-36990-0 8


http://dx.doi.org/10.1109/CISS.2009.5054833
http://dx.doi.org/10.1109/CISS.2009.5054833

www.nature.com/scientificreports/

42.
43.

44,
45.

46.

54.
. Kim, W.-G. et al. Virus Based Full Colour Pixels using a Microheater. Sci. Rep. 5, 13757 (2015).
56.
57.

58.
59.

60.
61.

62.
63.
64.
65.

66.

70.

71

73.
74.
75.

76.
. Kang, M. et al. Solvent-Assisted Optical Modulation of FRET-Induced Fluorescence for Efficient Conjugated Ppolymer-Based DNA

78.
79.

80.
81.

. Ha, T. et al. Probing The Interaction between Two Single Molecules: Fluorescence Resonance Energy Transfer between A Single

Donor and A Single Acceptor. Proc. Natl. Acad. Sci. USA 93, 6264-6268 (2012).

. Weiss, S. Fluorescence spectroscopy of single biomolecules. Science 283, 1676-1683 (1999).
. Sapsford, K. E., Berti, L. & Medintz, I. L. Materials for fluorescence resonance energy transfer analysis: beyond traditional

donor-acceptor combinations. Angew. Chem. Int. Ed. 45, 4562-4588 (2006).

Arduini, M. et al. Aluminium fluorescence detection with a FRET amplified chemosensor. Chem. Commun. 0, 1606-1607 (2003).
Aragay, G., Pons, J. & Merkogi, A. Recent trends in macro-, micro-, and nanomaterial-based tools and strategies for heavy-metal
detection. Chem. Rev. 111, 3433-3458 (2011).

Zhou, X. et al. Phage-mediated Counting by the Naked Eye of miRNA Molecules at Attomolar Concentrations in a Petri dish. Nat.
Mater. 14, 1058-1064 (2015).

Gandra, N. et al. Bacteriophage Bionanowire as a Carrier for Both Cancer-Targeting Peptides and Photosensitizers and its use in
Selective Cancer Cell Killing by Photodynamic Therapy. Small 9, 215-221 (2013).

Wang, . et al. Untangling the Effects of Peptide Sequences and Nanotopographies in a Biomimetic Niche for Directed Differentiation
of iPSCs by Assemblies of Genetically Engineered Viral Nanofibers. Nano Lett. 14, 6850-6856 (2014).

. Gandra, N, Wang, D.-D., Zhu, Y. & Mao, C. Virus-Mimetic Cytoplasm-Cleavable Magnetic/Silica Nanoclusters forEnhanced Gene

Delivery to Mesenchymal Stem Cells. Angew. Chem. Int. Ed. 52,11278-11281 (2013).

. Chung, W.-J. et al. Biomimetic Self-Templating Supramolecular Structures. Nature 478, 364-368 (2011).

. Oh, J.-W. et al. Biomimetic Virus-based Colourimetric Sensors. Nat. Commun. 5, 3043 (2014).

. Mao, C,, Liu, A. & Cao, B. Virus-Based Chemical and Biological Sensing. Angew. Chem. Int. Ed. 48, 6790-6810 (2009).

. Kim, W.-G. et al. Biomimetic Self-Templating Optical Structures Fabricated by Genetically Engineered M13Bacteriophage. Biosens.

Bioelectron. 85, 853-859 (2016).

. Moon, J.-S. et al. Identification of Endocrine Disrupting Chemicals using a Virus-Based Colorimetric Sensor. Chem. Asian J. 11,

3097-3101 (2016).

. Moon, J.-S. et al. Bioinspired M-13 Bacteriophage-Based Photonic Nose for Differential Cell Recognition. Chem. Sci. 8, 921-927

(2017).
Lee, B. Y. et al. Virus-Based Piezoelectric Energy Generation. Nat. Nanotechnol. 7, 351-356 (2012).

Chen, L., Wu, Y, Lin, Y. & Wang, Q. Virus-Templated FRET Platform for The Rational Design of Ratiometric Fluorescent
Nanosensors. Chem. Commun. 51, 10190-10193 (2015).

Nam, Y. S. et al. Virus-Templated Assembly of Porphyrins into Light-Harvesting Nanoantennae. J. Am. Chem. Soc. 132, 1462-1463
(2010).

Park, H. et al. Enhanced Energy Transport in Genetically Engineered Excitonic Networks. Nat. Mater. 15,211-216 (2015).

Moon, J.-S. et al. M13 Bacteriophage-Based Self-Assembly Structures and Their Functional Capabilities. Mini-Rev. Org. Chem. 12,
271-281 (2015).

Clegg, R. M. Fluorescence Resonance Energy Transfer. Curr. Opin. Biotech. 6,103-110 (1995).

Neel, A. ], Hilton, M. J., Sigman, M. S. & Toste, F. D. Exploiting Non-Covalent 7 Interactions for Catalyst Design. Nature 543,
637-646 (2017).

Keiluweit, M. & Kleber, M. Molecular-Level Interactions in Soils and Sediments: The Role of Aromatic ©-Systems. Environ. Sci.
Technol. 43, 3421-3429 (2009).

Raju, R. K., Bloom, J. W. G, An, Y. & Wheeler, S. E. Substituent Effects on Non-Covalent Interactions with Aromatic Rings: Insights
from Computational Chemistry. Chem. Phys. Chem 12, 3116-3130 (2011).

Wheeler, S. E. Understanding Substituent Effects in Noncovalent Interactions Involving Aromatic Rings. Acc. Chem. Res. 46,
1029-1038 (2013).

Zhang, K. et al. Instant Visual Detection of Trinitrotoluene Particulates on Various Surfaces by Ratiometric Fluorescence of Dual-
Emission Quantum Dots Hybrid. . Am. Chem. Soc. 133, 8424-8427 (2011).

Gao, D. et al. A Surface Functional Monomer-Directing Strategy for Highly Dense Imprinting of TNT at Surface of Silica
Nanoparticles. . Am. Chem. Soc. 129, 7859-7866 (2007).

. Fox, M. Optical Properties of Solids (Oxford University Press, New York, USA, 2010).
. Lakowicz, J. R. Principles of Fluorescence Spectroscopy (Springer, New York, USA, 2006).
. Clegg, R. M. The History of FRET: From Conception through The Labors of Birth. In Reviews in Fluorescence, Vol. 3 (Eds Geddes,

C.D. & Lakowicz, J. R.) Ch. 1 (Springer, New York, USA, 2006).
Jin, H. et al. Quantum dot-engineered M13 virus layer-by-layer composite films for highly selective and sensitive turn-on TNT
sensors. Chem. Commun. 49, 6045-6047 (2013).

. Sillen, A. & Engelborghs, Y. The Correct Use of Average Fluorescence Parameters. Photochem. Photobiol. 67, 475-486 (1998).
72.

Tu, D. et al. Time-Resolved FRET Biosensor Based on Amine-Functionalized Lanthanide-Doped NaYF4 Nanocrystals. Angew.
Chem. Int. Ed. 50, 6306-6310 (2011).

Jiang, G. et al. Cascaded FRET in Conjugated Polymer/ Quantum Dot/Dye-Labeled DNA Complexes for DNA Hybridization
Detection. ACS Nano 3, 4127-4131 (2009).

Cerdaén, L. et al. FRET-assisted Laser Emission in Colloidal Suspensions of Dye-doped Latex Nanoparticles. Nat. Photonics 6,
621-626 (2012).

Xu, Q.-H. et al. Time-Resolved Energy Transfer in DNA Sequence Detection using Water-Soluble Conjugated Polymers: The Role
of Electrostatic and Hydrophobic Interactions. Proc. Natl. Acad. Sci. USA 101, 11634-11639 (2004).

Bardeen, C. Exciton Quenching and Migration in Single Conjugated Polymers. Science 331, 544-545 (2011).

Detection. Phys. Chem. Chem. Phys. 12, 15482-15489 (2010).

Liu, B. & Bazan, G. C. Tetrahydrofuran Activates Fluorescence Resonant Energy Transfer from a Cationic Conjugated Polyelectrolyte
to Fluorescein-Labeled DNA in Aqueous Media. Chem. Asian J. 2, 499-504 (2007).

Kim, I, Kyhm, K., Kang, M. & Woo, H. Y. Ultrafast Combined Dynamics of Férster Resonance Energy Transfer and Transient
Quenching in Cationic Polyfluorene/Fluorescein-Labelled Single-Stranded DNA Complex. J. Lumin. 149, 185-189 (2014).

Dale, R. E., Eisinger, J. & Blumberg, W. E. The Orientational Freedom of Molecular Probes. Biophys. J. 26, 161-193 (1979).
Swafford, L. A. et al. Homogeneously Alloyed CdS,Se,_, Nanocrystals: Synthesis, Characterization, and Composition/Size-
Dependent Band Gap. J. Am. Chem. Soc. 128, 12299-12306 (2006).

Acknowledgements

This research was supported by the Creative Materials Discovery Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science and ICT (NRF-2017M3D1A1039287, NREF-
2018R1A4A1025623 and NRF-2016R1A6A3A11932042).

SCIENTIFIC REPORTS | (2019) 9:496 | DOI:10.1038/s41598-018-36990-0 9



www.nature.com/scientificreports/

Author Contributions
LK. conceived and conducted the experiments. H.S., C.K. and M.K. involved in experimental process. I.K., H.S.
and K.K. analyzed the results and wrote the paper. All authors commented on and revised the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36990-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:496 | DOI:10.1038/s41598-018-36990-0 10


http://dx.doi.org/10.1038/s41598-018-36990-0
http://creativecommons.org/licenses/by/4.0/

	Intermolecular distance measurement with TNT suppressor on the M13 bacteriophage-based Förster resonance energy transfer sy ...
	Results

	Discussion

	Concluding Remarks

	Experimental Section

	Sample preparation. 
	Genetic engineering of the M13 phage. 
	Time-integrated Fluorescence measurement. 
	Time-resolved Fluorescence measurement. 

	Acknowledgements

	Figure 1 Concept illustration of a TNT blocking mechanism using an M13 bacteriophage-based FRET system.
	Figure 2 (a) The color change of separate and complex molecules in the absence and presence of NaCl.
	Figure 3 (a) The fluorescence intensities of separate molecules (donor and acceptor) and complex in the absence and presence of TNT were measured under 390-nm laser excitation.
	Figure 4 (a) Intensity spectra of the fluorescence dependence on the TNT concentration and the fluorescence of the NQDs, NQDs + FITC-M13 phage complex.
	Figure 5 The energy transfer efficiency and the relative intermolecular distance in the absence and presence of TNT.




