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Supplementary Fig. 1. Optimal nanoantenna signaling is obtained at intermediate linker 
length (L12) with a flexible linker (ssDNA, PEG). These fluorescence spectra were used to 
generate the panels in Fig. 1. The spectra show the response of the biotinylated nanoantenna (NA) 
upon binding to streptavidin (SA), which quenches fluorescence, and then loading of biotinylated 
alkaline phosphatase (bAP), which increases fluorescence. (a) The biotin-fluorescein conjugate 
represents a “no linker” L0 nanoantenna, while (b) L6, (c) L12, (d) L24 and (e) L48 are ssDNA 
nanoantennas. The optimal linker length to monitor the assembly steps is L12. Compared to the 
L24, using (f) a more flexible PEG linker improves its response toward bAP, (g) while a less flexible 
dsDNA effectively shows no signal change. Conditions: 100 nM nanoantenna, 50 nM SA, 100 nM 
bAP in 200 mM Tris, 300 mM NaCl, 1 mM MgCl2, pH 7.0, 37 °C. 
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Supplementary Fig. 2. Comparison of DNA and PEG nanoantenna length. Since we compared 
nanoantennas based on their length in nucleotides, we wanted to determine the length of the PEG 
nanoantennas expressed in these units. Thus, we performed density functional theory (DFT) 
computations using the General Atomic and Molecular Electronic Structure System (GAMESS) via 
the website Chem Compute (https://chemcompute.org; This work used the Extreme Science and 
Engineering Discovery Environment (XSEDE), which is supported by National Science Foundation 
grant number ACI-1548562).1-4 Computations used the B3LYP functional5-8 and the 6-311++G** 
basis set9-13 with diffuse functions for the negative charge. The optimized structures displayed no 
negative vibrational frequencies, which confirmed optimization to the ground state. We computed 
the length of one PEG unit produced by the Spacer 18 amidite. Thus, the molecular structure of 
one unit produced by Spacer 18 amidite was first drawn in Avogadro software, followed by the DFT 
computations. The optimized geometry was then examined in Avogadro with the Measure tool to 
determine its length in Å. From Point 1 to Point 2, where the next nucleotides would be located, the 
computed length is 21.436 Å. From Point 1 to Point 3, the maximum distance, the computed length 
is 23.547 Å. Based on dsDNA having a length of 3.4 Å per nucleotide,14 one PEG unit therefore 
corresponds to 6.3 or 6.9 nucleotides, respectively. Since our main PEG-based nanoantenna was 
made from three PEG units and one unit of FAM-modified thymine (TFAM), this results in a length of 
19.9 or 21.8 nucleotides, respectively (note that we did not count biotin in the length of any 
nanoantennas since it will be buried inside streptavidin). Thus, by analogy, one could call it the ca. 
L21 PEG nanoantenna. We also used a longer PEG nanoantenna, which is made from six PEG 
units. It similarly corresponds to 38.8 or 42.6 nucleotides, so one could call it the ca. L41 PEG 
nanoantenna. While this comparison with DNA length is imperfect,15 it nevertheless helps to put 
the maximum lengths of the nanoantennas into context. 
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Supplementary Fig. 3. PEG nanoantennas are less sensitive to pH variation than DNA 
nanoantennas. The L12 ssDNA nanoantenna is less sensitive to the protein binding steps at 
alkaline pH, likely due to charge-charge repulsion between the negatively charged DNA linkers and 
proteins. The PEG nanoantenna has fewer phosphates, and therefore less negative charge. Note 
that the isoelectric points (pI) of SA16, 17 and AP18, 19 are approximately 6 and 5.5, respectively. Note 
also that fluorescence signal is normalized due to pH sensitivity of the FAM dye.20 Conditions: 150 
nM L12 ssDNA nanoantenna or L21 PEG nanoantenna, 50 nM SA and 50 nM bAP in 200 mM 
Bis-Tris (pH 6.0) or 200 mM Tris (pH 7.0, 8.0, 9.0) or 200 mM CAPS (pH 10.0, 11.0) and 300 mM 
NaCl (all), 37 °C. 
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Supplementary Fig. 4. Optimization of the nanoantenna/streptavidin ratio for optimal 
signaling. Streptavidin (SA) has four biotin-binding sites that can bind biotinylated nanoantennas 
and biotinylated proteins. (a) Adding more nanoantennas per SA results in increased signal 
quenching. (b) Then, the signal increase upon addition of bAP is likewise greater with more 
nanoantennas. An important consideration, however, is that SA only has four biotin-binding sites. 
After addition of four nanoantennas per SA, one might expect that subsequent addition of bAP 
would not display a signal change because all biotin-binding sites are already full. However, this is 
not what we observed. Instead, the biotin-binding sites are not completely filled by the 
nanoantennas, likely due to steric hindrance between them.21 We further explored the implications 
of the ratio of components in Supplementary Figs. 5 and 7. All experiments were performed with 
n=1 biologically independent enzyme samples examined over 3 independent experiments. Data 
are presented as mean values ± SEM. Conditions: 50, 100, 150 or 200 nM nanoantenna, 50 nM 
SA and 100 nM bAP in 200 mM Tris, 300 mM NaCl, 1 mM MgCl2, pH 7.0, 37 °C 

Note: the results in Fig. 1d-i were obtained using a nanoantenna:SA:bAP ratio of 2:1:2. 
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Supplementary Fig. 5. Saturating streptavidin with nanoantennas prevents bAP binding. In 
(a), the nanoantenna:SA ratio is 3:1, which allows for subsequent binding of bAP and detection of 
pNPP hydrolysis. In (b), where the ratio is increased to 12:1, the platform is saturated and cannot 
efficiently detect bAP and pNPP hydrolysis. 
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Supplementary Fig. 6. Tuning the nanoantenna linker for optimal signaling. Nanoantennas 
that are (a) too short, (b) too long, or (c) too rigid will prevent FAM-bAP interaction in the 
nanoantenna-SA-bAP complex. (d) A bad ratio of components, for example, too many equivalents 
of nanoantennas added per SA, will prevent bAP from binding to the nanoantenna-SA platform. (e) 
Likewise, steric hindrance, for example, when employing a bulky molecular beacon nanoantenna, 
will prevent bAP from binding to the nanoantenna-SA platform. (f) A buffer with high alkaline pH 
will hinder formation of the nanoantenna-SA-bAP complex due to negative charge-charge repulsion, 
but this can be mitigated by using PEG-based rather than DNA-based nanoantennas. (g) 
Representation of a nanoantenna-SA-bAP complex when the nanoantenna is optimized in terms 
of length, flexibility, ratio of components, etc. Note that there are likely more than one nanoantenna 
and bAP per SA, but one of each is shown here for simplicity. 
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Supplementary Fig. 7. Optimal nanoantenna length, composition, and ratio for monitoring 
of pNPP hydrolysis. (a) The L12 ssDNA nanoantenna displays the largest spike intensity during 
pNPP hydrolysis. Nanoantennas that are too short (L0, L6) or too long (L24, L48) have reduced 
FAM-bAP interaction, and therefore, weaker signal during hydrolysis. Adding a cDNA strand (* L12, 
L24, L48) to form a dsDNA nanoantenna makes it too rigid for FAM to interact with bAP in most 
cases, although the L12 dsDNA nanoantenna still shows a good spike intensity during pNPP 
hydrolysis. (b) L12 ssDNA and L12 PolyT nanoantennas of equal length give similar spike 
intensities during pNPP hydrolysis. (c) PEG-based nanoantennas also display length dependence. 
(d) The spike intensity during pNPP hydrolysis depends on the ratio of nanoantennas added. The 
nanoantenna:SA:bAP ratio of 3:1:2 gives the best spike intensity with the L12 PolyT nanoantenna, 
but a bulkier 36-nucleotide molecular beacon nanoantenna requires a ratio of 6:1:2 for its optimal 
signal due to steric hindrance. (e) The spike intensity during pNPP hydrolysis also depends on the 
ratio of bAP added. The ratio of 3:1:3 is optimal, although to balance enzyme cost versus signal 
output, in most cases we used 3:1:2. Thus, most experiments used this ratio with concentrations 
of 150 nM nanoantenna, 50 nM SA, 100 nM bAP. Due to enzyme lot-to-lot variation, sometimes 
we used less enzyme to slow down the kinetics to have more data points per fluorescence signature 
(see kinetic fitting). All experiments were performed with n=1 biologically independent enzyme 
samples examined over 3 independent experiments. In d, only values near the maximum were in 
triplicate. Data are presented as mean values ± SEM. Conditions: 100 µM pNPP, 200 mM Tris, 300 
mM NaCl, 1 mM MgCl2, pH 7.0, 37 °C. 
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Supplementary Fig. 8. Tryptophan fluorescence does not detect AP catalytic activity. (a) PPi 
hydrolysis by bAP monitored using nanoantennas and (b) 4MUP hydrolysis by AP monitored by 
4MU fluorescence show that the reaction takes about 1-2 minutes. For PPi, conditions were 150 
nM nanoantenna, 50 nM SA, 20 nM bAP, 300 µM PPi in 200 mM Tris, 300 mM NaCl, pH 7.0, 37 
°C, PMT voltage = 635 V. For 4MUP, conditions were 20 nM AP, 300 µM 4MUP in 200 mM Tris, 
300 mM NaCl, pH 7.0, 37 °C, PMT voltage = 400 V. (c) The AP dimer has eight Trp residues22  and 
displays typical fluorescence emission when excited at 280 nm. (d-k) We tried to monitor AP 
function (PPi hydrolysis) using Trp fluorescence at 325 nm. Note that PPi is ideal for this purpose 
because it will not appreciably absorb nor emit light. However, we found no detectable signal 
change under various conditions, including, (d) 20 nM AP, 300 µM PPi in 200 mM Tris, 300 mM 
NaCl, pH 7.0, 37 °C, (e) 100 nM AP and 300 µM PPi in the same buffer, (f) 300 nM AP and 1000 
µM PPi in the same buffer, (g) 20 nM AP and 300 µM PPi in the same buffer but also with 1 mM 
Mg2+, (h) 20 nM AP, 300 µM PPi in 100 mM Tris, 10 mM NaCl, pH 8.0, 37 °C, (i) 100 nM AP and 
300 µM PPi in the same buffer, (j) 20 nM AP, 300 µM PPi in 100 mM MOPS, 20 mM NaCl, pH 7.0, 
37 °C, and (k) 20 nM AP, 300 µM amifostine in 200 mM Tris, 300 mM NaCl, pH 7.0, 37 °C. For Trp, 
PMT voltage = 800 V. The arrows indicate addition of substrate at 3 min. 
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Supplementary Fig. 9. ANS probe does not detect enzyme catalytic activity. (a) Here, we 
tested 100 nM AP with 50 µM protein-binding dye 8-anilinonaphthalene-1-sulfonic acid (ANS). No 
significant fluorescence change was observed. We then tried (b) 100 nM AP with 150 µM ANS, (c) 
1.0 µM AP with 50 µM ANS, and (d) 3.2 µM AP with 50 µM ANS. Adding more AP led to a small 
fluorescence increase. Waiting longer, up to one hour, did not lead to a further fluorescence 
increase. However, in all cases, this approach was not able to detect AP-mediated hydrolysis of 
amifostine. Note that typical ANS studies of various APs23-27 and other proteins28-31 have used 
similar concentrations of AP (or protein) and ANS. PMT voltage = 800 V, the maximum for our 
instrument. The arrows indicate addition of substrate at 3 min. 
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Supplementary Fig. 10. Versatility of nanoantennas in different buffer conditions. To test the 
versatility of our nanoantenna strategy, we tried it in different buffer conditions. (a) 100 mM Tris, 10 
mM NaCl, pH 8.0; (b) 200 mM Tris, 300 mM NaCl, 1 mM Mg2+, pH 7.0; (c) 200 mM Tris, 300 mM 
NaCl, 1 mM Mg2+, pH 8.0; (d) 100 mM MOPS, 20 mM NaCl, pH 7.0; (e) 10 mM HEPES, 150 mM 
NaCl, 5 mM KCl, 2 mM MgCl2, pH 7.45; and (f) 50 mM PIPES, 75 mM NaCl, 3 mM MgCl2, pH 7.40. 
Note that (a-c) represent buffers used in this study, while (d-f) are randomly selected buffers found 
in the refrigerator of our laboratory. In all cases, we observed the binding steps and the pNPP 
hydrolysis spike. Conditions were 15 nM PEG nanoantenna, 2.5 nM SA, 10 nM homemade bAP 
and pNPP (concentration as indicated). For (c, e, f) the pNPP is quickly hydrolyzed, likely due to 
alkaline pH and Mg2+.32 PMT voltage = 800 V. 
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Supplementary Fig. 11. Nanoantenna-SA-bAP complex maintains functionality even after 
100 days. Fluorescence spike intensity for pNPP hydrolysis as a function of storage time after 
preparation of nanoantenna-protein complex. Even on day 105, the signal intensity during pNPP 
hydrolysis remains at ~74% compared to day 0. All experiments were performed with n=1 
biologically independent enzyme samples examined over 3 independent experiments. Data are 
presented as mean values ± SEM. Conditions: 15 nM L12 PolyT nanoantenna, 5 nM SA, 15 nM 
bAP and 10 μM pNPP in 200 mM Tris, 300 mM NaCl, 1 mM MgCl2, pH 7.0, 37 °C. DNA-protein 
complex was stored in the same buffer at 4 °C. PMT voltage = 635 V.  
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Supplementary Fig. 12. Spike above initial fluorescence baseline suggests a mechanism 
based on conformational change. Under some conditions, such as 3′ 5-FAM on the L12 ssDNA 
nanoantenna, the spike intensity during pNPP hydrolysis is higher than that of the initial 
fluorescence baseline before protein binding. This may support a mechanism whereby during 
hydrolysis the dye experiences a conformational change of nearby amino acids that increases its 
fluorescence, as opposed to a simple ejection from the bAP active site into the surrounding buffer. 
This is because ejection would likely just return the signal to the initial baseline. Conditions: 150 
nM nanoantenna, 50 nM SA, 100 nM bAP and 300 µM pNPP in 200 mM Tris, 300 mM NaCl, 1 mM 
MgCl2, pH 7.0, 37 °C. 
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Supplementary Fig. 13. Docking of dyes and substrates with proteins. (a) The simulations 
predicted that biotin binds in the biotin-binding sites (BBS) of SA.33 Likewise, biotin-5-fluorescein 
(L0 nanoantenna) binds with its biotin moiety in the BBS and its fluorescein moiety outside.34 (b) 
The simulations predicted that the substrates pNPP and ATP bind at the active sites of AP. (c) The 
simulations predicted that for SA, FAM binds near the BBS,35, 36 while Cy3, Q570, Q670, CAL, MB 
(methylene blue) bind in another pocket. TAMRA binds near the BBS and the other pocket in 4/10 
and 6/10 jobs, respectively. For AP, FAM and TAMRA bind near the active site, while other dyes 
bind in a region associated with the catalytic function of mammalian APs.37 ROX binding was not 
reproducible for SA and AP (examples shown). Simulations were reproducible in 9/10 or 10/10 jobs, 
unless noted otherwise. Molecular structures are based on the manufacturer’s description, 
calculations in MarvinSketch software, and consideration of the literature.38-43 
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Supplementary Fig. 14. Effect of pH on dye hydrophobicity. Dye hydrophobicity as a function 
of pH determined by distribution coefficient (Log D) calculations in MarvinSketch software.44 Log D 
values greater than zero indicate hydrophobicity, while those less than zero indicate hydrophilicity. 
At pH 7 or greater, only FAM and MB (Methylene Blue) are hydrophilic. Note that this approach is 
an approximation, as it only considers the dye itself, but not the entire nanoantenna. 

 

 

 

 

 

 

 

 

 

 

 

 

-4

-2

0

2

4

6

0 2 4 6 8 10 12 14

C
al

cu
la

te
d 

Lo
g 

D

pH

Q670
CAL
Q570

TAMRATAMRA
Cy3
ROX

MB

FAM



16 
 

 
Supplementary Fig. 15. Probing different regions of the protein surface with other dyes. 
Kinetic signatures of nanoantennas containing (a) FAM (3′ 5-FAM), (b) CAL, (c) TAMRA, (d) ROX, 
(e) Q570, (f) Cy3, (g) Q670, (h) P650 and (i) MB as ssDNA (various colors) and dsDNA (purple) for 
SA and bAP binding and pNPP hydrolysis (3x). (j) pNPP hydrolysis monitored by FAM, CAL, 
TAMRA and Cy3 displays the same kinetics. For this, we selected the spike observed after the 
second addition of pNPP because: 1) FAM displays a different baseline after the first spike but not 
for subsequent spikes, and 2) for the other dyes, the first injection does not lead to a clear spike 
while the latter injections do. We are not sure why this difference occurs, but from the perspective 
of seeing whether the dyes display the same kinetics and do not act as inhibitors, this is confirmed 
by the second spike for each system. Conditions: 150 nM nanoantenna, 50 nM SA, 100 nM bAP 
and 300 µM pNPP in 200 mM Tris, 300 mM NaCl, 1 mM MgCl2, pH 7.0, 37 °C. Note: FAM, TAMRA, 
Q570, Cy3 and Q670 are located at the 3'-end of the DNA; CAL is attached to the methyl group of 
a T nucleotide at the 3'-end; and ROX and P650 to the amino group of a C nucleotide at the 3'-end. 
MB is connected to an amino group at the 5'-end because it was borrowed from another project. 
Molecular structures are based on the manufacturer’s description, calculations in MarvinSketch 
software, and consideration of the literature.38-43  
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Supplementary Fig. 16. Kinetics of bAP attachment on streptavidin as monitored by FAM 
nanoantenna.  The rate of nanoantenna dissociation from streptavidin and subsequent 
binding to bAP varies with enzyme concentration, suggesting that dye dissociation is not 
rate-limiting. Here, nanoantenna-SA platform to bAP ratios (NA-SA:bAP) were 1:1 or 1:10. This 
suggests that the rate-limiting step of this transition consists of bAP binding to SA. Ratio of bAP is 
relative to concentration of SA (assumed to be equal to the concentration of nanoantenna-SA 
platform). Conditions: 15 nM nanoantenna, 5 nM SA, 5 or 50 nM bAP in 100 mM Tris, 10 mM NaCl, 
37 °C, pH 8.0. The nanoantenna was 3′ 5-FAM L12 ssDNA. 
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Supplementary Fig. 17. Kinetics of bAP attachment on streptavidin as monitored by different 
nanoantennas. The rate of nanoantenna dissociation from streptavidin and subsequent 
binding to bAP varies with nanoantenna properties including linker and dye. 
Top row: Changing the connection to the nanoantenna (3′ vs 5′) does not substantially affect its 
dissociation rate from SA and binding to bAP (263 vs 300 nM-1 s-1) while changing the linker from 
ssDNA to PEG substantially reduces this dissociation rate (300 vs 73 nM-1 s-1). Bottom row and 
top left: changing the dye (FAM, CAL, TAMRA, Cy3, Q570) substantially affects the dissociation 
rate of the nanoantenna from SA and binding to bAP (ranging from 263 to 18 nM-1 s-1). The kinetics 
of dissociation fit well with a second-order rate constant. Conditions were equivalent to 
Supplementary Fig. 16 with 1x bAP. Overall, these data suggest that different nanoantennas with 
different dyes and/or linkers interact differently with SA, thus affecting the rate of bAP attachment 
likely due to steric hindrance and/or charge repulsion.  
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Supplementary Fig. 18. Double-dye controls. (a) pNPP hydrolysis displays the same kinetics 
while monitoring FAM (with or without CAL present) and while monitoring CAL (with FAM present).  
(b-c) Analogous experiments to the dye competition experiment in Fig. 1m-n except now with (b) 
FAM and Cy3 or (c) FAM and Q670. The top data shows that while monitoring FAM, the presence 
of the other dye does not significantly affect the FAM fluorescence signature (besides some 
quenching), but monitoring Cy3 or Q670 in the presence of FAM affects their fluorescence 
signature to the point where it is now possible to efficiently monitor pNPP hydrolysis. (d) As a control, 
upon excitation of FAM at 498 nm, FAM displays intense fluorescence emission at 520 nm. 
However, when using the excitation wavelengths optimal for CAL, Cy3 and Q670, FAM does not 
display fluorescence. (e) For example, in an attempt to monitor the FAM nanoantenna with the 
excitation (546 nm) and emission (563 nm) wavelengths of Cy3 but otherwise the same conditions, 
there is no substantial fluorescence emission, and it is not possible to monitor SA and bAP binding, 
nor pNPP hydrolysis. Conditions: 150 nM nanoantenna, 50 nM SA, 100 nM bAP and 300 µM pNPP 
(3x) in 200 mM Tris, 300 mM NaCl, 1 mM MgCl2, pH 7.0, 37 °C. 

 



20 
 

 

Supplementary Fig. 19. Area under spike increases linearly with pNPP concentration. Here, 
the fluorescence spikes in Fig. 2a were integrated with time to obtain the area under the curve (i.e., 
the spike). The area increases linearly with pNPP concentration. 
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Supplementary Fig. 20. Saturation binding plot. (a) We plotted the fluorescence spike intensity 
for triplicate injections of 1, 2, 4, 8, 20, 40, and 100 μM pNPP. It displays Michaelis–Menten-like 
behavior, whereby the maximum fluorescence (Fmax) ought to be proportional to the maximum rate 
(Vmax) and enzyme-substrate concentration ([ES]). Then, the concentration at half of the Fmax (K0.5) 
ought to be equal to the Michaelis constant (KM). Nonlinear fitting of the Michaelis–Menten equation 
found K0.5 and Fmax values, shown above. The K0.5 agrees with the expected KM under these 
conditions.45 We show later how one can convert this fluorescence intensity to rate in μM s-1 
(Supplementary Fig. 25). Also shown are determination of the kinetic parameters by the classic 
methods, (b) Lineweaver–Burk-like and (c) Hanes–Woolf-like, which provide similar numerical 
values. All experiments were performed with n=1 biologically independent enzyme samples 
examined over 3 independent experiments. Data are presented as mean values ± SEM. Conditions: 
150 nM PEG nanoantenna, 50 nM SA, 100 nM bAP and variable amounts of pNPP in 100 mM Tris, 
10 mM NaCl, pH 8.0, 30 °C. 
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Supplementary Fig. 21. Comparison of classic assay and nanoantenna reveals that 
nanoantennas allow multiple analyses with the same sample. (a) Real-time fluorescence 
monitoring of the hydrolysis of 4MUP to fluorescent 4-MU and Pi. Although it works well for the first 
hydrolysis reaction (injection time = 1 min), if one desires to measure multiple injections of substrate, 
it will eventually saturate the detector (3 min). Note that we did not bias this experiment to fail: in 
most of this paper we used a PMT voltage of 635 V or higher, but in this experiment, we used 500 
V, which is between the medium and low power settings on our spectrofluorometer. (b) In contrast, 
monitoring the hydrolysis reaction by the nanoantenna strategy allows one to perform multiple 
injections of substrate. Thus, the only limitation is the chemical environment of the system (i.e., 
stability of enzyme, product inhibition), rather than a physical or instrumentation limitation. 
Conditions: 150 nM L12 PolyT nanoantenna, 50 nM SA, 100 nM bAP and 10 µM 4MUP (9x) in 100 
mM Tris, 10 mM NaCl, pH 8.0, 30 °C. 
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Supplementary Fig. 22. Streptavidin and nanoantennas do not affect the kinetic parameters. 
Michaelis-Menten kinetics as measured by UV–Vis absorbance of pNP product for (a) 
nanoantenna-SA-bAP complex, (b) Dummy nanoantenna-SA-bAP complex (i.e., no FAM on 
nanoantenna), and (c) free bAP. All experiments were performed with n=1 biologically independent 
enzyme samples examined over 3 independent experiments. Data are presented as mean values 
± SEM. Conditions: 150 nM nanoantenna, 50 nM SA, 109 nM bAP (not a typo) in 100 mM Tris, 10 
mM NaCl, pH 8.0, 30 °C.46, 47 
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Supplementary Fig. 23. Fitting of the fluorescent spikes to extract kinetic parameters of bAP with 
[pNPP] = 1, 2, 4, 8, 20, 40 and 100 µM. The data are taken from Fig. 2a, and the extracted 
parameters are plotted in Supplementary Fig. 24. 
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Supplementary Fig. 24. Kinetic parameters of AP determined using different concentrations of 
substrate (see Supplementary Fig. S23). When [pNPP] is less than ~3KM, the extracted parameters 
are underestimated, and consequently unreliable, likely due to not enough enzyme-substrate 
complex being formed. Therefore, we recommend using a sufficiently high concentration of 
substrate (>3KM) to perform the one-shot characterization fitting strategy. Also important is that 
these parameters for the commercially prepared bAP (20, 40 and 100 μM pNPP) are essentially 
the same as the parameters determined in Fig. 2d-e for our “homemade” bAP (biotinylation of AP 
ourselves; 30 μM pNPP), which indicates the robustness of our strategy. All experiments were 
performed with n=1 biologically independent enzyme samples examined over 3 independent 
experiments. Data are presented as mean values ± SEM. 
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Supplementary Fig. 25. Fitting strategy employed to determine the kinetic parameters in a 
single experiment.48,49 (a) A single injection of 30 μM pNPP to a cuvette containing 10 nM bAP 
(as nanoantenna-SA-bAP complex), overlaid with fitting in MATLAB to derive mean values of KM = 
4.19 ± 0.02 μM and kcat = 31.38 ± 0.85 s-1, which give kcat/KM = 7.49 ± 0.24 μM-1 s-1. The fitting 
takes into consideration the product/inhibitor, Pi, so for the first calculation we used Ki = 33.7 μM, 
which was reported in the literature for a similar system.45 (b) Seven more injections of 30 μM pNPP 
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in the same cuvette, overlaid with fitting in MATLAB using the obtained KM and kcat values to derive 
a mean Ki = 40.81 ± 0.95 μM for Pi. (c) Repeating the above process using the obtained KM, kcat 
and Ki values results in their eventual convergence. After 10 iterations of calculations, the final 
derived values are KM = 5.00 ± 0.07 μM, kcat = 32.13 ± 0.84 s-1, kcat/KM = 6.426 ± 0.26 μM-1 s-1 and 
Ki = 48.38 ± 2.01 μM. (d) The literature Ki used in the initial fitting was a “good guess” and close to 
the determined value for our system, but if a “bad guess” had been used instead, the 10 iterations 
of calculations still converge to the same values. As an example, we used an initial Ki = 390 μM, 
as reported for bacterial AP under very different conditions.50 With this, we still obtained the same 
results. (e) The spike intensity (which is proportional to the rate of the reaction) decreases with 
increasing inhibitor concentration (Pi). This relationship is well modeled using the Michaelis–
Menten equation for competitive inhibition by employing the KM and Ki values determined above. 
All experiments were performed with n=1 biologically independent enzyme samples examined over 
3 independent experiments. Data are presented as mean values ± SEM. Conditions: 5 nM PEG 
nanoantenna, 5 nM SA, 10 nM homemade bAP and 30 µM pNPP (8x) in 100 mM Tris, 10 mM NaCl, 
pH 8.0, 30 °C. 

See the Online Methods section as well as “Script for fitting kinetic data in MATLAB” at the 
end of this document. 
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Supplementary Fig. 26. bAP batch-to-batch variation accounts for differences in kinetic 
parameters. The initial and later batches of bAP used in this study had different rates of substrate 
hydrolysis, as shown here for the conversion of nonfluorescent 4MUP to fluorescent 4MU and Pi. 
Thus, differences in determined KM and kcat between Fig. 2 and Fig. 3 can be attributed to the 
batches (different lots). 

Importantly, substrate comparison (e.g., Fig. 3) was done with the same enzyme lot.   
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Supplementary Fig. 27. Real-time monitoring of AP function using LPS substrate. 
Nanoantenna fluorescence signature observed during hydrolysis of approximately 2.5 µM 
lipopolysaccharide (LPS) compared with 2.5 µM pNPP. Shown also is a simplified scheme of LPS 
structure.51 

LPS was used at a lower concentration than the other substrates due to low concentration of 
available stock solution. Moreover, due to uncertain LPS molar mass and exact concentration, as 
well as uncertainty about the number of hydrolysable phosphates, we did not determine the kinetic 
parameters (KM and kcat). Likewise, kinetic parameters for 2.5 µM pNPP could not be determined 
due to low concentration being incompatible with our fitting procedure (See Supplementary Fig. 24). 
Conditions: 15 nM PEG nanoantenna, 5 nM SA, 10 nM bAP, 2.5 µM pNPP or ~2.5 µM LPS, in 100 
mM Tris, 10 mM NaCl, 37 °C, pH 8.0. 

The colours in the simplified scheme of LPS represent acyl chains (grey), phosphate (red), 
ethanolamine (green), N-acetylglucosamine (orange), ketodeoxyoctonic acid (yellow), heptose 
(violet), glucose (dark blue), neutral sugar (brown), colitose (light blue). Note that LPS structure can 
differ for various strains of bacteria.  
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Supplementary Fig. 28. Variation in baseline after substrate hydrolysis. In Fig. 3, the baseline 
after the reaction can differ between substrates. However, we observed a similar result for different 
trials of the same substrate. For example, two trials of 4MUP hydrolysis from are shown here. In 
both cases, the signal increase (~19 a.u.) and reaction completion time (~6 min) are essentially the 
same, but the baselines after the reaction are less reproducible. At present, we do not have an 
explanation for this effect. 
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Supplementary Fig. 29. Increase in baseline after the reaction is linked to the presence of 
phosphate. We further explored the origin of the baseline increase observed following hydrolysis 
for some substrates in Fig. 3. Here, we explore the effect of adding the product(s) of the reaction 
to the nanoantenna-SA-bAP complex. We find that only phosphate (Pi) increased the signal 
baseline, but for example, not the other products of G6P and BGP (glucose and glycerol, 
respectively). All experiments were performed with n=1 biologically independent enzyme samples 
examined over 3 independent experiments. Data are presented as mean values ± SEM. 
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Supplementary Fig. 30. Addition of oxyanions does not affect the fluorescence of the 
nanoantenna – no bAP.  Fluorescence of the L12 ssDNA nanoantenna attached to SA, but without 
bAP, was not substantially affected by the addition of vanadate, phosphate, tungstate or molybdate. 
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Supplementary Fig. 31. Monitoring protein unfolding with fluorescent nanoantennas. (a) 
FAM fluorescence melting curves of the nanoantenna (grey), nanoantenna-SA platform (green) 
and nanoantenna-SA-bAP complex (purple). (b) Derivatives of the melting curves with smoothing 
(black lines) and corresponding cartoons are shown. (c) Trp fluorescence melting curves of SA 
(blue), the nanoantenna-SA platform (green) and AP (dark yellow). (d) Derivatives of the melting 
curves with smoothing and corresponding cartoons are similarly shown. Note that we did not record 
melting curves of bAP alone by Trp fluorescence due to the high concentration of BSA stabilizer 
added by the manufacturer. Conditions: 150 nM nanoantenna, 50 nM SA, 100 nM bAP in 100 mM 
NaCl, 50 mM Na2HPO4, pH 6.99, 20-100 °C, 1 °C/min. λex/em FAM = 498/520 nm, Trp = 280/340 
nm. Smoothing of the derivatives was by the Savitzky–Golay method with 25 points. 

 

First, we consider the nanoantenna and SA. Using FAM fluorescence, we see that the 
nanoantenna alone does not display a transition. Using Trp fluorescence, we see that SA alone 
displays a transition at 79.4 °C ± 1.0 °C. This indicates the melting temperature (TM) of SA and it 
agrees with the reported literature value.52, 53  

Next, we consider the nanoantenna-SA platform. Using Trp fluorescence, we see that it 
does not display a transition. This is due to the enhanced cooperativity of the thermal unfolding of 
SA upon biotin binding.52 Thus, the nanoantenna-SA platform remains stable over the tested 
temperature range. Using FAM fluorescence, however, the nanoantenna-SA platform displays a 
transition at 91.7 °C ± 0.7 °C. We attribute this to the dissociation of the FAM component of the 
nanoantenna from the surface of SA. 

Finally, we consider AP and the nanoantenna-SA-bAP complex. Using Trp fluorescence of 
AP, we observe a transition at 68.8 °C ± 0.4 °C, which agrees with the reported literature value for 
AP melting temperature (TM).54, 55 Using FAM fluorescence of the nanoantenna-SA-bAP complex, 
we observe the same transition at 66.4 °C ± 0.1 °C. Notably, the signal with FAM fluorescence is 
~10x stronger than with Trp fluorescence, and it can avoid the fluorescence background arising 
from other proteins (e.g., BSA). 
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Supplementary Fig. 32. Different FAM connections affect the sensitivity of the nanoantenna 
towards detecting the melting transition. The L12 nanoantenna with 5′ 6-FAM is more efficient 
to detect bAP melting compared to analogous nanoantennas with 5′ T 6-FAM,  
5′ 5-FAM or 3′ 5-FAM. See Extended Data Fig. 6 for the types of FAM.56  
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Supplementary Fig. 33. Monitoring unfolding transition of proteins using nanoantenna in a 
complex sample. (a) Adding BSA to the cuvette results in a tryptophan fluorescence signal that 
saturates the detector. This reduces the usefulness of tryptophan to monitor unfolding transition in 
complex environment. (b) The same condition does not affect the FAM fluorescence, (c) thereby 
still allowing specific monitoring of the bAP thermal unfolding transition.   
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Supplementary Fig. 34. Determination of the apparent Gibbs free energy (ΔG) of bAP.  
(a) Example fitting of the melting curve of the nanoantenna-SA-bAP complex with linear regression 
to normalize the fluorescence data. (b) The normalized data shows the percent of folded and 
unfolded conformation. (c) Van’t Hoff plot of the data allows one to determine the apparent ΔG for 
the unfolding of bAP. Using the nanoantenna strategy (FAM fluorescence), we determined an 
apparent ΔG of -7.8 ± 0.5 kcal/mol. (d-f) Using the more conventional Trp fluorescence on AP alone, 
we find a similar value of -9.1 ± 0.3 kcal/mol. All experiments were performed with n=1 biologically 
independent enzyme samples examined over 3 independent experiments. Data are presented as 
mean values ± SEM. 
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Supplementary Fig. 35. Effect of dilution in control experiments. The signal decrease in the 
controls in Fig. 6f correlates with the volume of sample added (3.52 μL AP, 7.5 μL goat IgG, 20 μL 
SARS-CoV-2 antibodies ctrl). All experiments were performed with n=1 biologically independent 
enzyme samples examined over 3 independent experiments. Data are presented as mean values 
± SEM. 
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Supplementary Table 1. Michaelis–Menten kinetic parameters of AP with pNPP substrate 
reported in the literature45 and values determined in our study. Our fitting strategy of the 
nanoantenna fluorescence shown in Fig. 2d-e displays similar parameters. Control UV–Vis 
experiments shown in Supplementary Fig. 22 also display similar parameters. 

 Literature 
ITC 

Literature 
UV-Vis 

Nanoantenna 
Fluorescence 

(Fig. 2d-e) 

Nanoantenna 
UV–Vis  

(Fig. S22a) 

Dummy 
UV–Vis 

(Fig. S22b) 

bAP Only 
UV–Vis 

(Fig. S22c) 
KM 

(μM) 
7.78 9.31 5.0 ± 0.1 10.1 ± 0.7 11.3 ± 1.0 7.9 ± 0.2 

Vmax  
(μM s-1) 

n/a n/a 0.321 ± 0.0(8)b 2.7 ± 0.0(1) 3.3 ± 0.0(5) 3.2 ± 0.0(1) 

kcat 
(s-1) 

47.36 46.92 32.1 ± 0.8 24.6 ± 0.0(48) 30.4 ± 0.4 30.0 ± 0.1 

kcat/KM 
(μM-1 s-1) 

6.1a 5.0a 6.4 ± 0.3 2.5 ± 0.2 2.7 ± 0.2 3.8 ± 0.1 

a) These kcat/KM values differ slightly from what was reported in Table 1 of the cited study,45 because the reported kcat/KM values seemingly do not agree with 
the corresponding kcat and KM values, so we recalculated it. The differences are small, and in practical terms, do not matter. 
b) This Vmax was derived by using the kcat value obtained from our fitting procedure and enzyme concentration, rather than the standard way of deriving the 
kcat from the Vmax and enzyme concentration. Note also that the fluorescence experiment used 10 nM bAP, and the UV–Vis experiments used 109 nM bAP, 
hence the differing Vmax values. As expected, the kcat values were effectively the same. 
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Supplementary Table 2. Determined Ki values for phosphate. Conditions: 100 mM Tris, 10 mM 
NaCl, pH 8.0, 30 °C, pNPP substrate. Also shown are literature values determined under similar 
conditions. 

 
Inhibitor 

This Study Literature 
Ki 

(μM) 
Ki 

(μM) 
pH Temp 

(°C) 
Substrate ref 

Pi or PO43- 
phosphate 

48.4 ± 2.0 16.5 9.25 30 4MUP 57 
19 9.25 30 ATP 57 

 21.2 7.5 37 PPi 58 
 29 9.19 30 PPi 57 
 33.7 7.0 25 ATP 45 
 60 8.9 37 PLP 59, 60 
 68 9.25 30 fluorophosphate 57 
  130a 9.0 30 pNPP 61 

a) Human intestine was used in this study. 
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Supplementary Table 3. Determined KM and kcat values for various substrates (Fig. 3). Also shown 
are literature values, listed from low to high KM, that were determined under similar conditions.a,b 
Our kcat and KM values determined at pH 8.0 and 37 °C are within the typical range for AP values 
(see pNPP), but are obviously faster when compared to most available values for other substrates 
determined at somewhat lower pH or temperature.  

  
Substrate 

This Study Literature 
kcat 
(s-1) 

KM 

(μM) 
kcat/KM 

(μM-1 s-1) 
kcat 

(s-1) 
KM 

(μM) 
kcat/KM 

(μM-1 s-1) 
pH T 

(°C) 
ref 

A
ss

ay
 m

o
le

cu
le

s 

pNPP 
p-nitrophenylphosphate 

178.1 
± 12.8 

24.3 
± 1.3 

7.3 
± 0.9 

- 3.6 - 8.0 25 62 
47.36 7.78 6.1c 8.0 30 45 
46.92 9.31 5.0c 8.0 30 45 
300.3 10.7 28.1 8.0 25 63 
287 18 16.0 8.0 RT 64 
22.5 24 0.93 7.4 25 65 
3580 35 99 8.5 25 66 
905 37.7 24.0 8.0 37 67 

- ~63d - 8.0 - 32 
341.7 119.7 2.9 8.8 37 68 

4MUP 
4-methylumbelliferyl 

phosphate 

237.6 
± 12.9 

20.5 
± 0.6 

11.6 
± 1.0 

39.2 2.2 18 8.0 25 69 
- 2.3e - 7.91 30 70 

9.5 2.5 3.8c 8.0 25 45 
7.2 3.2 2.6c 8.0 25 45 
- 5.4e - 8.36 30 70 
- ~10 - 8.5 22 71 
- 28 - 8.5 30 72 

B
io

m
o

le
cu

le
s 

PPi 

pyrophosphate 
242.5 
± 16.7 

17.3 
± 0.2 

14.0 
± 1.1 

- 16 - 8.0 25 62 
36.6f 66f 0.55f 7.4 25 65 

BGP 

β-glycerophosphate 
224.1 
± 14.1 

48.2 
± 2.8 

4.6 
± 0.6 

- 15 - 8.0 25 62 

PEP 
phosphoenolpyruvate 

296.5 
 ± 12.3 

13.1 
± 0.2 

22.6 
 ± 1.3 

- 5.5 - 8.0 25 62 

PSer 

phosphoserine f 
162.2 
± 5.2 

48.4 
± 1.0 

3.4 
± 0.2 

- - - - - - 

PLP 
pyridoxal-5'-phosphate 

157.2 
± 12.5 

58.9 
± 11.6 

2.7 
± 0.7 

- 
17.8 

3.6 
31 

- 
0.57 

7.4 
7.4 

37 
25 

73 
65 

G6P 
glucose-6-phosphate f 

114.5 
± 11.8 

75.8 
± 14.3 

1.5 
± 0.4 

- - - - - - 

F6P 
fructose-6-phosphate f 

106.8 
± 3.2 

98.5 
± 16.0 

1.1 
± 0.2 

- - - - - - 

AMP 
adenosine 

monophosphate 

168.3 
 ± 12.4 

43.5 
± 2.4 

3.9 
± 0.5 

- 11.2 - 8.0 30 74 
- 12.0 - 7.4 30 74 
- 18 - 8.0 25 62 

22.6 43 0.52 7.4 25 65 
ADP 

adenosine diphosphate 
216.1 
± 14.3 

50.0 
± 2.8 

4.3 
± 0.5 

22.6 20 1.13 7.4 25 65 

ATP 
adenosine triphosphate 

144.5 
± 4.0 

46.7 
± 2.9 

3.1 
± 0.3 

3.5 6.8 0.52 7.0 25 45 
- 16 - 8.0 25 62 
- 18.9 - 8.2 25 75 

18.9 31 0.61 7.4 25 65 
 - 105 - 7.5 37 76 

GTP 
guanosine triphosphate f 

218.4 
± 19.6 

41.1 
± 1.0 

5.3 
± 0.6 

- - - - - - 

PCr 
phosphocreatine f 

161.1 
± 6.5 

61.0 
± 7.0 

2.6 
± 0.4 

- - - - - - 

D
ru

g
 Amifostine 

also called Ethyol f 
87.0 
± 2.5 

39.1 
± 3.9 

2.2 
± 0.3 

- - - - - - 

 

a) Our conditions were 100 mM Tris, 10 mM NaCl, pH 8.0, 37 °C; also 150 nM nanoantenna, 50 nM SA, 20 nM bAP, 300 μM substrate. Literature conditions 
were mostly Tris buffers, pH ~8, 25-37 °C. We did not consider studies at significantly different pH, nor with AP from other species/isoforms. 
b) [Mg2+] can affect the rate of substrate hydrolysis, so values could differ between studies, but likely not enough to make the results non-comparable. For 
example, in one study at pH 8.0, 1 mM or 5 mM of Mg2+ increased the rate by factors of about ~1.7x or ~2.2x, respectively.32 
c) See Supplementary Table 1, note a. 
d) This literature pNPP KM value was not reported directly. We estimated it from the Lineweaver-Burk plot in Figure 3 of the cited study.32 
e) These literature 4MUP KM values were not reported directly. We determined them by non-linear fitting with the Michaelis-Menten equation in KaleidaGraph 
of the data found in Table 2 of the cited study.70 
f) We could not find any studies reporting kinetic parameters for calf intestinal alkaline phosphatase with some substrates under similar conditions. However, 
there are studies with various biomolecular substrates that we did not consider for comparison because they employed different conditions  
(e.g., pH 9-11),57, 77-80 other bovine isoforms (e.g., kidney),81-84 other mammalian species (e.g., human, pig, rat),77, 79, 80, 85-98 or APs from very different species 
(e.g., fish, bacteria, yeast).78, 99-111, 112 
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Supplementary Table 4. Kinetic parameters for amifostine with various effectors determined from 
the data in Fig. 4. Fitting was done analogously to Fig. 3, and then the apparent KM was used to 
determine the Ki. Also shown are the Kd (μM) values determined in Fig. 5. 
 

Effector kcat (s-1) KM (μM) Ki (μM) Kd (μM) 
None 76.0 ± 9.4 43.0 ± 5.6 - - 

PO43- 
phosphate 

77.6 ± 5.7 85.1 ± 11.6 30.6 ± 8.2 No plateau 

MoO42- 
molybdate 

71.3 ± 6.6 107.0 ± 13.8 20.1 ± 5.2 No plateau 

WO42- 
tungstate 

46.5 ± 9.8 * 170.6 ± 36.5 10.1 ± 3.5 7.6 ± 0.2 
(7.55 ± 0.23) ** 

AsO43- 
arsenate 

28.6 ± 2.9 * 394.9 ± 52.8 3.7 ± 1.0 Not tested 

VO43- 

vanadate 
25.1 ± 4.0 * 1130.7 ± 119.5 1.2 ± 0.3 0.5 ± 0.0 

(0.54 ± 0.01) ** 
Mg2+ 

magnesium ion 
116.5 ± 13.9 60.1 ± 8.9 - Not tested 

 
Overall, our results agreed with previous studies of inhibitor potency for various APs: 
vanadate > arsenate > tungstate > molybdate > phosphate (CIAP, pH 8.0, 37 °C, amifostine) 

1) vanadate > tungstate > molybdate (E. coli AP, pH 8.0, 23 °C, pNPP)113 
2) vanadate > tungstate > molybdate (sludge-associated AP, pH 8.00, 30 °C, 4MUP)114 
3) vanadate > tungstate > molybdate (goldfish ovarian tissue AP, 20 °C, pNPP)115 
4) vanadate > tungstate ≥ arsenate (bovine intestinal mucosa AP, monofluorophosphate)116 
5) tungstate ≥ arsenate > molybdate (bovine intestinal AP, pH 7.4?, room temp., pNPP )117 
6) vanadate > arsenate (calf intestinal AP, pH 9.5, 25 and 40 °C, AttoPhos)118 
7) arsenate > phosphate (calf intestinal AP, pH 9.95, 38 °C, phenyl phosphate)119 
8) arsenate > phosphate (equine plasma AP, pH 10.3, 30 °C?, phenyl phosphate)120 
9) vanadate > phosphate (human intestinal AP, pH 9.0, 40 °C, pNPP)61 
10) vanadate > phosphate (bovine kidney AP, pH 10.0, 30 °C, pNPP)23 
11) vanadate > arsenate > phosphate (epiphyseal cartilage membrane AP, pH 7.5, 37 °C, 

pNPP or PPi)121 
 
 
We also observed that, as expected, Mg2+ increased both the kcat and the KM.32 

This analysis was performed several months after our values obtained for amifostine in Fig. 3, 
which further shows the reproducibility of the method. 

* kcat should not decrease for a competitive inhibitor, but we did observe this for tungstate, arsenate, 
and vanadate. However, we found that fitting the nanoantenna spike without the reaction having 
finished reduces the determined kcat of the reaction. For example, if we fit the phosphate data for 
30 min or 20 min, its kcat remains effectively unchanged. However, if we fit the same data using 
only a 10 min or 5 min time window (i.e., when the reaction is not yet over), then the determined 
kcat decreases while there was only a small effect on the KM (data not shown). This potential artifact 
of the fitting should be kept in mind when screening inhibitors with high potency and long reaction 
time. 

** Usually, we showed the error to one decimal place, but showed it to two decimal places since it 
was 0.0 for vanadate. 
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Supplementary Note 1. Discussion of enzymatic reactions. 
 
In (a) and (b) in Extended Data Fig. 1, important studies of the different states of AP are highlighted. 
The crystal structure enables one to study unbound (AP) and product-bound AP (AP-Pi).54, 122-127 
An approximation of the transition state geometry can be achieved with the help of a transition state 
analogue (TSA) inhibitor, e.g., vanadate (AP-Vi).128, 129 To study AP-mediated hydrolysis of a 
substrate in real-time, typical methods involve monitoring the generation of a colorimetric product 
from p-nitrophenylphosphate (pNPP)130 or a fluorescent product from 4-methylumbelliferyl 
phosphate (4MUP)70 or its analogues.131 Newer strategies using fluorescence have been 
developed, including those for monitoring substrate consumption,132 ratiometric monitoring of 
substrate consumption and product generation,133-139 and various others.140-151 Moreover, other 
spectroscopic152-159 and electrochemical160-165 methods have also been reported. However, while 
these synthetic substrates are easy to detect by fluorescence and other methods, biomolecular 
substrates remain spectroscopically silent. Some strategies use released Pi to generate a signal, 
but this sequestration of Pi could potentially affect the observed kinetics since it is a competitive 
inhibitor.166-169 Thus, real-time analysis of biomolecules has been limited to substrate-specific 
assays, mainly for PPi

58, 170-174 and ATP,75, 76, 175-178  but also other molecules.73, 179-181 Note that not 
all of these studies were used to characterize AP kinetics, and some were for the purpose of 
detecting AP. Some methods can detect phosphopeptides182 or molecules with a pyrophosphate 
moiety,183 but they are still not universal. For most biomolecules, one must instead quantify the 
phosphate product via a phosphomolybdate complex,184, 185 or newer strategies,186 which do not 
permit real-time analysis. ITC-based initial rate calorimetry (IrCal) has also been reported. It 
monitors heat released and is label-free,45, 66 but it suffers from the drawbacks discussed in the 
Introduction. In contrast, our fluorescent nanoantennas allow real-time monitoring of any substrate 
via conformational changes occurring between the enzyme and the transient enzyme-substrate 
complex. 
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Supplementary Note 2. Notes about nanoantenna selection: from screening to application 
 
We propose the following steps as a guideline to rapidly identify a working nanoantenna for 
monitoring a specific protein function. 
 
1. Biotinylation of the protein of interest. This step can be readily done, for example, by reacting 
the protein with a N-hydroxysuccinimide-biotin conjugate (NHS-biotin). Biotinylation kits for this 
procedure are commercially available, and the synthesis and purification process take roughly one 
day. Proteins can often be biotinylated without significantly affecting their functions,46 but the user 
should not assume this and should make sure that the protein is still functional. Some companies 
also sell biotinylated proteins. In this work, we have used the convenient biotin-streptavidin system 
to rapidly screen our nanoantennas, but other attachment strategies could also be employed 
(e.g., direct nanoantenna attachment to a lysine residue via thiol chemistry, alternatives to 
streptavidin such as avidin and neutravidin, or other noncovalent platform strategies). 

 
2. Nanoantennas. Biotinylated and fluorophore-labeled DNA- and PEG-based nanoantennas can 
be synthesized by automated phosphoramidite chemistry. For most users, however, one can 
purchase labeled oligonucleotides from a commercial nucleic acid supplier. We would also be 
happy to share a preliminary library of our nanoantennas with future potential users.  

 
3. Screening nanoantennas to detect protein function. In our experience, one can rapidly 
screen dozens of nanoantennas via the nanoantenna-streptavidin platform to find one that suitably 
detects protein function. Of course, it is certainly possible to test more! Screening can be done in 
a 96-well plate but also conveniently works in a simple cuvette setup. Ideally, one would screen 
nanoantennas of various linker lengths, linker types, and with diverse fluorophores. Here, we 
describe two types of screening procedures based on whether the protein function involves a 
transient or stable signal. 

 
3a. For experiments that provide a stable signal (e.g., a protein binding a ligand or an antibody), 
one can conveniently use the 96-well plate format to screen for which nanoantenna(s) detects the 
binding event with the largest signal change.  

  
3b. For experiments that provide a transient signal (e.g., an enzymatic reaction), and which may 
not be amenable to the 96-well plate format due to the dead time and speed of the kinetic event, 
our experience with bAP has been that nanoantennas that best detect the binding of the biotinylated 
protein to the nanoantenna-streptavidin platform are also the best to detect its function. Therefore, 
one could rapidly screen for the nanoantenna that most sensitively detects protein attachment to 
streptavidin. The winner nanoantennas can then subsequently be tested in cuvettes for their ability 
to specifically report a conformational change. 

 
There are effectively limitless combinations of nanoantennas containing different fluorophores, 
linker compositions and lengths, and chemical modifiers. Thus, a second screening round might 
be of value. For example, a second screening could involve different linker lengths or compositions 
for a specific working fluorophore. Furthermore, although we noticed that small modifications 
typically do not render a nanoantenna completely ineffective, these small modifications (e.g., the 
chemical connection of a fluorophore) can potentially enhance the sensitivity of the nanoantenna 
(e.g., T 6-FAM vs 5-FAM vs 6-FAM, or a type of FAM at the 5′-end vs the 3′-end). These additional 
rounds of screening may not be necessary, but could help with tuning the signal, if desired. 
Alternatively, one could screen a wide array of nanoantennas in a single round. 

 
4. Validate the candidate nanoantennas. After rapidly screening the nanoantennas, one can test 
the best candidate(s) in cuvettes or any other desired format to find out which one works best for a 
specific protein function of interest. This includes analysis of conformational change, transient 
intermediates, binding events, and so on. 
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List of reagents. 
Enzymes and proteins. Alkaline phosphatase (AP) was from calf intestinal mucosa of Bos taurus. 
Unconjugated AP (19.83 mg/ml, in 0.05 M Tris Chloride, 0.005 M MgCl2, 0.0001 M ZnCl2, 50% (v/v) 
Glycerol, pH 7.0; >6,000 units/mg, where unit = hydrolysis of ~6 mM p-nitrophenolphosphate/ 
minute at 37°C at pH 9.8), biotin-conjugated AP (bAP; 1 mg/ml, in 0.05 M Tris Chloride, 0.15 M 
NaCl, 0.001 M MgCl2, 0.0001 M ZnCl2, 50% (v/v) Glycerol; pH 8.0, 0.05% (w/v) Sodium Azide as 
a preservative, 10 mg/mL Bovine Serum Albumin (BSA) as a stabilizer), streptavidin-conjugated 
AP (SA-AP; 1 mg/ml, in same buffer from manufacturer), biotin-conjugated glucose oxidase (bGOx; 
0.01 M Sodium Phosphate, 0.15 M Sodium Chloride, pH 7.2), Protein G Biotin Conjugated (bPG; 
lyophilized, 1.0 mg/ml, 0.02 M Potassium Phosphate, 0.15 M Sodium Chloride, pH 7.2, 0.01% (w/v) 
Sodium Azide as a preservative, 10 mg/mL Bovine Serum Albumin (BSA) as a stabilizer), Protein 
A Biotin Conjugated (bPA; lyophilized, 1.0 mg/mL, 0.02 M Potassium Phosphate, 0.15 M Sodium 
Chloride, pH 7.2, 0.01% (w/v) Sodium Azide as a preservative, 10 mg/mL Bovine Serum Albumin 
(BSA) as a stabilizer), and Goat IgG whole molecule (lyophilized, 11.0 mg/ml, 0.02 M Potassium 
Phosphate, 0.15 M Sodium Chloride, pH 7.2, 0.01% (w/v) Sodium Azide as a preservative, lot # 
32090) were from Rockland Immunochemicals (Limerick, PA, USA). Streptavidin from 
Streptomyces avidinii (SA; 1 mg/ml, in 140 mM NaCl, 8 mM Sodium Phosphate, 2 mM potassium 
phosphate, 10 mM KCl, pH 7.4) was from New England Biolabs (Ipswich, MA, USA). VIROTROL 
SARS-CoV-2 (Reactive for SARS-CoV-2 total IgG/IgM and IgG antibodies; human plasma based; 
lot # 390300) and VIROCLEAR SARS-CoV-2 (Non-reactive for SARS-CoV-2 total IgG/IgM and IgG 
antibodies; human plasma based; lot # 390600) were from Bio-Rad Laboratories (Hercules, CA, 
USA). Bovine Serum Albumin (BSA; cold ethanol fraction, pH 5.2, ≥96%) was from Sigma-Aldrich 
(St. Louis, MO, USA). 
 
Substrates and inhibitors. p-nitrophenylphosphate (pNPP, 500 mM solution) was from New 
England Biolabs. Adenosine 5′-triphosphate (ATP; 100 mM solution, pH 7.0) was from Bio Basic 
(Markham, ON, Canada). Pyridoxal-5'-phosphate monohydrate (PLP; ≥95%) and creatine 
phosphate disodium tetrahydrate (PCr; ≥98%) were from BioShop (Burlington, ON, Canada). 
Amifostine (≥98%) was from BioVision (Milpitas, CA, USA). 4-Methylumbelliferyl phosphate (4MUP; 
≥98%), sodium pyrophosphate tetrabasic decahydrate (PPi; ≥99%), β-glycerophosphate disodium 
salt hydrate (BGP; “cell culture tested”), phospho(enol)pyruvic acid monopotassium salt (PEP; 
99%), O-phospho-L-serine (PSer; ≥98%), D-glucose 6-phosphate sodium salt (G6P; ≥98%), D-
fructose 6-phosphate disodium salt (F6P; ≥98%), adenosine 5′-monophosphate monohydrate 
(AMP; ≥95%), adenosine 5′-diphosphate sodium salt (ADP; ≥95%), guanosine 5′-triphosphate 
sodium salt hydrate (GTP; ≥95%), 4-nitrophenol (PNP; spectroscopic grade), sodium 
orthovanadate  (99.98%), sodium molybdate dihydrate (≥99%), potassium arsenate monobasic 
(≥99.9%), α-D-glucose (anhydrous, 96%), were from Sigma-Aldrich. Lipopolysaccharide (LPS) 
solution from Escherichia coli O26:B6 (eBioscience, “sterile aqueous buffer, no sodium azide”) was 
from Thermo Fisher Scientific (Waltham, MA, USA). Sodium tungstate dihydrate was from MCB 
(Norwood, OH, USA). Glycerol (99.5%) was from American Chemicals. 
 
Oligonucleotide synthesis reagents. 3′-modifications were from controlled pore glass (CPG) 
columns and 5′-modifications were from phosphoramidites. Biotin (B), Quasar 570 (Q570), Quasar 
670 (Q670), fluorescein (5-FAM), rhodamine-X (ROX), CAL Fluor Orange 560 (CAL), phosphate 
(P), C16 spacer (C16), thiol C6 (S-S; S-H after treatment with dithiothreitol) CPG columns, as well 
as Fluorescein T Amidite (T 6-FAM or TFAM), 6-FAM Amidite (6-FAM), 5-FAM Amidite (5-FAM), 
Biotin T C6 Amidite (TB), Spacer 18 Amidite (DMT-Hexa(ethylene glycol)) (S18), and Methylene 
Blue Succinimidyl Ester (MB) were from Biosearch Technologies (Petaluma, CA, USA). 
Tetramethylrhodamine (TAMRA) and Cyanine 3 (Cy3) CPG columns were from Glen Research 
(Stirling, VA, USA). Standard A, G, C, T CPG columns were from Biosearch Technologies. 
Acetonitrile (wash grade), DMT removal (3% trichloroacetic acid/dichloromethane), CAP A (Acetic 
Anhydride/Pyridine/THF), CAP B (16% N-Methylimidazole in THF), Oxidation Solution (0.1M 
Iodine/Pyridine/H2O/THF), Activation Reagent (0.25 M 5-ethylthio Tetrazole in ACN), 
deoxycytadine (n-acetyl) CED phosphoramidite, deoxyguanosine (n-ibu) CED phosphoramidite, 
deoxyadenosine (n-bz) CED phosphoramidite and thymidine CED phosphoramidite were from 
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ChemGenes (Wilmington, MA, USA). For purification, glacial acetic acid (99.7%) and triethylamine 
(99%) were from Thermo Fisher Scientific, acetonitrile (≥99.9) was from Sigma-Aldrich, and 
trifluoroacetic acid (99%) was from Alfa Aesar (Ward Hill, MA, USA). MicroPure II columns for DNA 
purification were from Biosearch. 
 
Buffers and miscellaneous. Biotin (5-fluorecein) conjugate (≥90%) used as the L0 nanoantenna 
was from Sigma-Aldrich, 8-Anilino-1-naphthalenesulfonic acid ammonium salt hydrate (ANS probe; 
97%), CAPS (≥99%), MOPS sodium salt (≥99.5%), Bis-Tris (≥98.0%) and hydrochloric acid (37%) 
were from Sigma-Aldrich. D-Biotin (99.0%), Tris (99.9%), sodium chloride (≥99.5%), sodium 
hydroxide (98%), PIPES (99%) and sodium phosphate dibasic were from BioShop. Magnesium 
chloride anhydrous (99%) was from Alfa Aesar. Sodium phosphate monobasic anhydrous (≥99.5%) 
and ammonium hydroxide (28-30%) were from VWR (Radnor, PA, USA). HEPES was from MP 
Biomedicals (Solon, OH, USA). All reagents were stored at -20°C, -4 °C or at room temperature, 
as appropriate. All solutions were prepared in ultrapure water from a Milli-Q Biocel filtration device 
from EMD Millipore (Burlington, MA, USA). 
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List of oligonucleotides sequences. 
All sequences listed here are in the direction of 5′ to 3′. 
 
PEG nanoantennas:  
~L21: TFAM-S18-S18-S18-Biotin (S18 = Spacer 18) 
~L41: TFAM-S18-S18-S18-S18-S18-S18-Biotin 
Note that length is estimated in Supplementary Fig. 2. 
 

ssDNA nanoantennas with T6-FAM: 
L6: T6-FAM-TATTG-Biotin 
L12: T6-FAM-TATTGATCGGC-Biotin 
L24: T6-FAM-TATTGATCGGCGTTTTAAAGTG T-Biotin 
L48: T6-FAM-TATTGATCGGCGTTTTAAAGTGTCCAGGGTGTTTGTGTATTACTCGA-Biotin 
PolyT12: T6-FAM-TTTTTTTTTTT-Biotin 
 

ssDNA nanoantennas with other FAMs: 
L12 (6-FAM version): 6-FAM-TTATTGATCGGC-Biotin 
L12 (5-FAM version): 5-FAM-TTATTGATCGGC-Biotin 
 

Note that 5-FAM and 6-FAM are isomers (see Extended Data Fig. 6). Therefore, the nanoantennas 
L12, L12 (6-FAM version), and L12 (5-FAM version) differ in their connection of FAM at the 5′-end. 
In addition, we also used rL12 (5-FAM), see below, which had the dye at the 3′-end. 
 

cDNA to form dsDNA nanoantennas: 
cL12: GCCGATCAATAA 
cL24: ACACTTTAAAACGCCGATCAATAA 
cL48: TCGAGTAATACACAAACACCCTGGACACTTTAAAACGCCGATCAATAA 
 

L12 with other dyes: 
To test various dyes, we used a “reverse” version of the L12 nanoantenna (rL12). 
rL12 (Dye): TBiotin-TATTGATCGGC-Dye; where dye = 5-FAM, TAMRA, Cy3, Q570, or Q670 
Some dyes were directly attached to a nucleobase, so the sequence was modified accordingly. 
rL12 (Dye): TBiotin-TATTGATCGG-CDye; Dye = ROX or P650 
rL12 (Dye): TBiotin-TATTGATCGG-TDye; Dye = CAL 
Thus, for dsDNA with CAL, the cL12’s G at 5′ was replaced by A. 
The MB strand was from another project in our lab and was kindly donated by Guichi Zhu. 
MB-CCAGAGACCACGGACT-Biotin 
 

Modifiers: 
To test chemical modifications near FAM, we used cL12 strand with the Modifier at the 3′-end. 
Here, Modifier = phosphate, C16, S-S or S-H. 
GCCGATCAATAA-Modifier 
 

Dye competition: 
For double-dye studies, we used the standard L12 FAM nanoantenna with versions of the cL12 
nanoantenna containing CAL, Cy3 or Q670 at the 3′-end. We also used a capture strand analogous 
to L12 but without the T6-FAM. 
  

Controls: 
Molecular beacon: T6-FAMCCGCGATCGGCGTTTTAGCGGATCCTGGGTGTTAG-Biotin 
Global: T6-FAM-TTTTTTTTTTT (Extended Data Fig. 4d) 
Dummy: TTTTTTTTTTTT-Biotin (Extended Data Fig. 4d) 
 
 

For nanoantenna-AP covalent attachment, the strand had a thiol moiety. Also, it did not have 
guanine to avoid side reactions. T6-FAM-CCATACATCCC-SH 
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Script for fitting kinetic data in MATLAB 

1) Model function. This function contains the differential equations of the Michaelis-Menten 
enzymatic kinetics.  

function [Tim,ES2] = Model(Eo,Csub,tdil,kcat,Km,Fmax,Fprod) 
%Open the Data. Here the data was named Conc100uM1. 
load('Conc100uM1') 
tdata=Conc100uM1(:,1); 
ydata=Conc100uM1(:,2); 
%Initial values and time definition  
dt = 0.1; %Intervals of 0.1 sec 
time = 0:dt:300; %300sec = time of the reaction. Need to be adjusted to the data. 
Etot(1,1) = Eo; 
S(1,1) = 0; 
P(1,1) = 0; 
T(1,1) = 0; 
ES(1,1) = 0; 
%Calculate the Baseline, average of the fluorescence for the first 60 sec (< 63 sec). 
ooo = 1:(length(tdata)); 
logic = tdata(ooo) < 63; 
L=length(nonzeros(logic)); 
Baseline = mean(ydata(1:L)); 
%We found that it takes about 2 s (tdil) for the substrate to dilute evenly inside the cuvette.  
Ratedil=1./tdil; 
%Loop calculation of the Michaelis-Menten differential equation. 
for o = 1:(length(time)-1)    
    if o*dt <= tdil 
        RI = Ratedil; 
    else 
        RI = 0;   
    end 
    %Rate  
    dSdt(o,1) = -Eo.*((kcat.*S(o,1)))./(Km*(1+P(o,1)./48.38) + S(o,1)) + RI.*Csub; 
    S(o+1,1) = dSdt(o,1).*dt + S(o,1); 
    dPdt(o,1) = Eo.*((kcat.*S(o,1)))./(Km*(1+P(o,1)./48.38) + S(o,1)); 
    P(o+1,1) = dPdt(o,1).*dt + P(o,1); 
    ES(o,1) = Eo.*S(o,1)./(Km*(1+P(o,1)./48.38) + S(o,1)); 
    Tim(o,1) = time(1,o); 
    Prod = P(2:end); 
end 
% Transforming the ES curve from the Michaelis-Menten into a fluorescence signal. 
% From 0 to 60 sec Fluo = Baseline 
% From 60 sec to the end Fluo = Baseline + Fmax * [ES] + [P]*Fprod where Fmax is the maximal 
fluorescent of the nanoantenna when bound to the ES complex, and Fprod is the fluorescence 
impact of the product on the nanoantenna  
for oo = 1:(length(Tim)) 
logic2 = Tim <= 63; 
L2=length(nonzeros(logic2)); 
    if Tim(oo) <= 63 
        ES2(oo) = Baseline; 
    else 
        ES2(oo) = Baseline+Fmax.*ES(oo-L2)+Prod(oo-L2).*Fprod; 
    end 
end 



48 
 

 

2) tofit function. This function calculates the Michaelis-Menten curves for specific values of 
kcat, KM, Fmax and Fprod defined by the vector k.   

function ypred = tofit(k,tdata) 
Eo=0.1;% The concentration of enzyme in μM. 
tdil=2;% The dilution time of the substrate in s. 
Csub=100;% Concentration of substrate in μM. 
kcat=k(1); % kcat.  
Km=k(2); % KM. 
Fmax=k(3); % Maximal fluorescence of the spike.  
Fprod=k(4);% Fluorescence impact of the product in a.u./μM.  
[t,y] = Model(Eo,Csub,tdil,kcat,Km,Fmax,Fprod); 
%% find predicted values y(tdata) 
ypred = interp1(t,y,tdata); 
end 
 

3) Workplace. Using the tofit function, this script performs a nonlinear curve-fitting to find the 
best values for kcat, KM, Fmax and Fprod.  

 
%% Loading Data 
load('Conc100uM1') 
tdata=Conc100uM1(:,1); % x-axis data 
ydata=Conc100uM1(:,2); % y-axis data 
%% Solve nonlinear curve-fitting (data-fitting) problems in least-squares sense 
lb = [1;0.1;200;-1];  %lower boundaries 
ub = [100;100;500;1]; %upper boundaries 
x0=0.5*[ub-lb]+lb;    %initial point (mid-point of boundaries) 
% Nonlinear curve-fitting using the function lsqcurvefit 
[x,resnorm,residual,exitflag,output,lambda,jacobian]=lsqcurvefit(@tofit,x0,tdata,ydata,lb,ub,optims
et('Display','off')); 
% Calculate the 95% confidence interval using the function nlparci 
conf=nlparci(x,residual,'jacobian',jacobian,'alpha',0.05);  
CI_low=conf(:,1); % Extract the CI lower limit 
CI_upp=conf(:,2); % Extract the CI upper limit 
Value=x; % Fittted value 
CI=(CI_upp-CI_low)/2; % 95% confidence interval 
%Create a vector containing all values and CIs.  
Results=[Value(1),CI(1),Value(2),CI(2),Value(3),CI(3),Value(4),CI(4)] 
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