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ABSTRACT: Microlasers have emerged as a promising approach f Lasing Polarization
detection or identcation of dierent biomolecules. Most lasers were design
re ect changes of molecular concentration within the cavity, without bei
to characterize biophysical changes in the gain medium. Here, we
strategy to extract and amplify polarized laser emissions from small mole
demonstrate how molecular rotation interplays with lasing at the nanosc
concept of molecular lasing polarization was proposed argt exdigenced to
increase accordingly as theorophore binds to larger biomolecules ir
microcavity. By detecting the molecular rotational correlation time t
stimulated emission, small molecules could be distinguished, while con

uorescence polarization cannot. Theoretical models were developed to
the underlying mechanisms. Finallyerdit types of small molecules w
analyzed by adopting a FabmePepto uidic laser. The results suggest @
entirely new tool to quantify small molecules and guidance for laser emissions to
characterize biophysical properties down to the molecular level.

KEYWORDS:microcavity, small molecules, lasing polariratéstence polarization, lasers

Molecule size

ptical resonators have become a powerful tool foHowever, such subtle changes in polarization emission cannot

biosensing since the past detatlm particular, active  be detected since the rotational correlation time of conjugated
resonators that utilize biological materials as the gain mediumolecules is much smaller than tnarescence lifetiméln
have shown tremendous potential to enhancecsfeatiires  contrast, when conjugates areedinside an optical cavity to
by labeling withuorophores.’ Thanks to the strong optical form “stimulated emissichshe extremely short lifetime of
feedback provided by the cavity, even subtle changes in the géifulated emission 100 ps°) becomes comparable to that of
induced by the underlying biological processes areasityi molecular rotational correlation time. Consequently,gbe e
ampli ed, leading to a drastic change in the output emissioff molecular rotation becomes sicantly amplied, changing
characteristics. Recently, intracavity lasers have been dentbfi-degree of output laser polarization. _
strated by using living céft$, DNAZ proteins-®** virus'? In Fh|s_work, we report a novel method to extract lasing
and bacteritin which laser emissions are used to characterif9larization from small molecules by quantifying éut ef
biochemical changes within the cavity. The lasing intensity Blolecular rotational dision in a laser cavity. The proposed
wavelength changes accordingly as the binding concentrati§R§CePt Of slope eiency ratio (SER/ ) was employed as

increase¥. 1’ In addition to concentrations, other physical tN€ sénsing signal in which SER isefas the ratio of lasing

features of molecules (molecular weight, polarization, structuf@€shold slope between parallel polarized lasif)ga(8D

etc.) also play a critical role in molecular biology. As such, t,@%rpendicular polarized lasin.((parallel: parallel to pump

study aims to explore how biophysical changes and physiGger Polarization; perpendicular: perpendicular to pump laser
properties within the gain medium mactlaser emissions. polarization.) For therst time, we investigated the underlying

Within the elds of molecular biology, small biomolecules arg1echanism of molecular lasing polarization. Lasing polarization

an indispensable part of the organism, which plays a crucial rete
in metabolic systertisQuantitative detection and biological Received: March 10, 2020
evaluation of small molecules have gained attention due to thiblished: July 23, 2020
promising applications in signaling and drug dis¢dvery.
When a small molecule binds taarophore, the conjugated

uorophore exhibits a change in rotation speed that slightly
alters the polarization degree of therescence emission®
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Figure 1.(a, b) Schematic diagram of conventiamalescence polarization. Fluorescence emission is depolarized due to the ratsitbtonal di

e ect of dye molecules in the solution. When a small molecule bingisraphore, the conjugatagbrophore slightly changes the polarization

degree of theuorescence emission. (c) Conceptual illustration afidhescence emission spectrum and conventionascence polarization

formula. Subtle changes irorescence emission cannot be detected. (d, ) Schematic diagram of molecular lasing polarization. In contrast to
uorescence polarization, theat of small molecular rotation will be sagmitly amplied in the gain medium, changing the output laser

polarization. (f) Conceptual illustration of slopgency ratio (SER/ ), which is dened as the ratio of lasing threshold slope between parallel

polarized lasing and perpendicular polarized lasing. Parallel: parallel to pump laser polarization; Perpendicular: perpendicular to pump la

polarization.

was found to increase accordingly, asuttrephore binds to  parallel and perpendicular polarized orientagioan@dq ).

larger biomolecules. Theoretical models were carried out lttere, the represents the angle between the excitation pump

elucidate ourndings, which demonstrated the strong relationpolarizationfigure Sjland the uorophore dipole orientation

ship between lasing polarizations and binding molecular weiglitigure SR Taking advantage of the coherence nature of

Finally, dierent types of small molecules were examined tstimulated emission, excited photons will only excite new

adopting a Fabry-f¢microcavity optaiidic laser. Our results  photons with the identical polarization state. Consequently, the

reveal that small molecules could be clearly distinguisheddantrast between parallel and perpendicular polarized laser

lasing SER, while conventionakescence polarization cannot. emissions are sigeantly enhanced.

Linearity between SER and molecular weight was attested to the _

potential for quantitative analysis. dn() _ | o2 a g 0 n( )sin d 15 ()
Principle of Molecular Laser Polarization. Figure 1 ¢ °° ° 2 i

shows the signdance of lasing polarization by presenting the _

comparison betweemiorescence and laser emissions upon g q 5 )cod + W5 o n( )sin d i\cog

binding to small moleculdsgure & c clearly shows the m 2

limitation of conventionaluorescence polarization, where it _

cannot be used to identify small molecules (MW < 3000 Da). & %4  jgin? 5 0 n(Jsin_d i\ginz +D 2

This is mainly due to the mechanism abrescence m 2

polarization, in whichuorescence emission remains depolar- 1)

ized when theuorophore rotational correlation time is much

shorter than theuorescence lifetime. As such, tingrdinces dq, _ Pl

may not be detected for small molecule binding. In comparison, dt

Figure o f depicts the concept of a molecular lasing cq 2 s

polarization. Dierent small molecules could be distinguished 0 2m S )cos sin d

by their molecular weight, owing to the observable rotational

a

3/.8

zEmE =

a

3|8

c .
+ men( )cos®  sin d

+

correlation time change. The larger the molecule weight, the S hai M5 On()smdi\co§ sin d
slower the rotation time, and hence, a stronger polarization will o 2m N 2 (2
be amplied in the cavity.
In order to explain the mechanism of lasing polarization, we ga _ s, _C n()sin® d + “a J()sin® d
investigated the characteristics of rotationalsidn by dt ¢ o 2V o 2m
employing a rate equation, as describegdsiri 3%’ 2° The e ~ n()sin d
population dynamics of excited state molecules density is S o Z_aMOS Oflfir?
expressed as a function of angled photon density in both N (3)
B https://dx.doi.org/10.1021/acsphotonics.0c00387
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Figure 2(a) Schematic diagram of the simulation and experimental setup. For all experiments, the dye concexeitledich mists the cavity

length wasxed at 500m, and an excitation wavelength of 480 nm was used. Moleculesneithrdblecular weights (MWSs) binding to FITC

were utilized as the laser gain. Both the parallel polarized laser and perpendicular polarized laser emissions were collected afteg passing throuc
polarizer. (b) Theoretically simulated laser output as a function of pump energy density for pure FITC, without binding molecule. (c) Theoretically
simulated laser output as a function of pump energy density in the linear-log scale, binding with a small molecule (assumed to be 300 Da). Red c
represent the parallel polarized lasing output, blue dots represent the perpendicular polarized lasing output. (d) Theoreticallsispaulated laser

e ciency ratio (SER) as a function of binding molecular weight (MW) to FITC, the solid line is the lag-linear

Assuming that both parallel and perpendicular polarized ﬂ _e 9, ¢ " o Jood + cq " n()cod
orientation can achieve lasing under the condition of single dt ¢ %1 bom '
mode at 550 nm, here weden( ), q,andq as the densities s °q E s n o) i n o |
of dye molecules in thest excited state (for any, and the m Mo, =1 : (5)
densities of the photons in parallel and perpendicular polarized . ]
orientation, respectively, and , are the emission and d_q=g a,c e N()sin® + « . n()sin?
absorption cross sections at the dye lasing wavelgmgth. o mv e N M=
the time-dependent pump intensity,Mgid the concentration S 2—q NS () sin?
of dye moleculesandm, respectively, describe the speed of =t e ©
light in vacuum and refractive index of the solyearid Figure 2 illustrates the optical setup used in this work, where

respectively, denote the photon lifetime in the cavity an@" optouidic glass tubdled with Fluorescein (FITC) solution
- . was sandwiched by two highlyeotive dielectric mirrors to
uorescence lifetime. The last teremims and3representthe 5, Fabry-Ret microcavity. A detailed description of mirror
absorption of dye moleculéss the mode volume afd °n characterization, Fabryrdtecavity assembly, and the optical
represents the rotational ulion of excited state molecules setup is given in tHdethodssection andrigure S3All the
according to the Fiskaw 61 eq 153° For detailed theory and molecule structures used were also providédyime S4

calculation of lasing polarization, please referSopipertin Herein the slope eiency ratio (SER) was utilized as an
9p P 9 analytical approach. Based on the derived theory and equations

Information To simplify the calculations, we wsgsi4 6 to mentioned abovEigure B,c performs the simulation results of
replace the above equations: the laser output as a function of pump energy density with and
without molecular binding. According to simulation, the

dn( ) _ 2 o 91 2 calculated SER ( ) of FITC (without binding) is much
a - lpa0COS S i:ln( }S —f i )eo lower than that of binding to a small molecule (M300 Da)
. due to faster rotation speed. We further investigated the laser
| agog n( ) %os2 iS — en( Dsirf SER when binding to molecules with larger M\Wsjime @
m i=1 and surprisingly found a siguint relationship between laser
cq oo - DN 1) § )] SER and binding MW.
i anS n( ) %ln i+ BT Demonstration of Polarization between Small Mole-
=1 cules. The above simulation results reveal that the lasing SER
s DIM)S tisdl . D 0 vy increases exponentially with the MWs of the binding molecules.
(/92 tan (/- " (4) To validate our simulation results, we performed the experiment
C https://dx.doi.org/10.1021/acsphotonics.0c00387

ACS Photonic¥XXX, XXX, XX¥XX


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00387/suppl_file/ph0c00387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00387/suppl_file/ph0c00387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00387/suppl_file/ph0c00387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00387/suppl_file/ph0c00387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00387/suppl_file/ph0c00387_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00387?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00387?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00387?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00387?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00387?ref=pdf

ACS Photonics pubs.acs.org/journal/apchd5

Figure 3(a) Perpendicular polarized lasing spectra of 2uadscein (FITC) binding with glycine (MW = 75 g/mol); (b) Parallel polarized lasing

spectra of 2-mM FITC binding with glycine. (c) Spectrally integrated FITC laser output as a function of pump energy density extracted from the
spectra shown in (a) and (b), the solid lines denote a in€&ER = 23.24). (d) Perpendicular polarized lasing spectra oinebtein (FITC)

binding with insulin (MW = 3495 g/mol); (e) Parallel polarized lasing spectra of 2 mM FITC binding with insulin. (f) Spectrally integrated FITC laser
output as a function of pump energy density extracted from the spectra shown in (d) and (e); the solid lines den¢B&ERINda0.89). Red

dots represent the parallel polarized lasing output; blue dots represent the perpendicular polarized lasing output.

by using dierent sizes of moleculesFigure 3a,b, we rst perpendicular emissions are plottéijnres S6 and S the
demonstrate the polarized lasing spectra of FITC binding wigpectral integrated intensity of perpendicular emission is much
glycine (MW = 75 Da) collected from the perpendicular andmaller than the parallel direction, individual threshold curves
parallel directions, respectively. The threshold curves for bahe provided iRigures S8 and &% better understanding. The
parallel and perpendicular are plotte&igure S5a and, b  spectral line width was also evaluated below the threshold and
respectively. The spectral line width was also evaluated bekvove the threshold to com lasing behaviors, respectively.
the threshold and above the threshold to roorasing The summary of laser SER resulting from ultrasmall molecules
behavior. Together, the spectrally integrated laser emissidW < 500 Da) are displayed kigure #, where small
presented ifrigure 8 shows the lasing SER is 23.24, resultingnolecules with close molecular weights could still be
from the fast rotation ofiorophores. Next, igure 8,e, we distinguished. For small molecules with a larger size (500 Da
demonstrate the polarized lasing spectra of FITC binding withMW < 3000 Da), the lasing SER for respective molecules are
insulin (MW = 3495 Da) collected from the perpendicular angresented ifigure 4. The tted lines irFigure #,c show the
parallel directions, respectively. The threshold curves for bditgh linearity for all molecules, attesting to the potential
parallel and perpendicular are plotteffigure S5¢c and, d  application of laser polarization in small molecules. Most
respectively. The spectral line width was also evaluated belowportantly, the lasing SER increased exponentially with the
the threshold and above the threshold to roonasing binding MW, which is consistent with the previous simulation
behavior. By presenting togethéfigure § the perpendicu-  results irFigure .
larly polarized laser output energy is much lower than the To strengthen the sigeance of the proposed lasing
parallel polarized orientation under the same pump energyplarization, we used the same methoBigare #,c to
density. Owing to the larger molecular weight (slower rotatiompeasure the ratio between the parallel and perpendicular
from insulin, a sigrdantly larger lasing SER (100.89) was uorescence gorescenct&ER), as shown ifrigure S10As
obtained. Therefore, the overall trend of SER is consistent withe can see, most of the molecules presented a SER close to 1,
the theoretical simulation iigure 2 signifying that lasing which is not distinguishable. In addition, we also measured the
polarization can distinguish small molecules. conventionaluorescence polarization resulting fromrelint
Distinguishing Amino Acids and Peptides. Going molecule-binding FITC ifigure d,e. By using the same
further, we investigated lasing SER as a function of bindingplecules as for lasing polarizatiiignre $,c, no signcant
MWs systematically. Herein, 1Gdént small molecules were trend was found iruorescence polarization since the rotational
selected, all of which have a molecular weight less than 3000 &arelation time is much lower than therescence lifetime. To
Amino acids, small peptides, and polypeptidps¢s d and demonstrate that lasing SER can bettectriaser polarization
S4 with di erent MWs were conjugated with FITC to serve agharacteristics than a traditional emission intensity tatio ((
laser gain medium. The threshold curves for both parallel ahd/( | +1 )), we also plotted the relationship between the laser

D https://dx.doi.org/10.1021/acsphotonics.0c00387
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Figure 4(a) 3D chemical structure of representative small molecules analyzed in this work (amino acids, peptides, tripeptides, and polypeptides). (
Slope e ciency ratio (SER) as a function of binding molecular weight (MW < 500 Da) in the linear-log scale, including glycine (MW.= 75 g/mol),
leucine (MW =131 g/mol), Gly-Phe (MW = 222 g/m8ljnethyglutathione (MW = 321 g/mdBoctylglutathione (MW = 420 g/mol). (c) Slope

e ciency ratio (SER) as a function of binding molecular weight (MW > 500 Da) in the linear-log scale;ghdiatthioge (MW = 613 g/mol),
Phe-Phe-Phe-Phe-Phe (MW = 814 g/mol), bradykinin (MW = 1060 g/mol), substance P (MW = 1348 g{brmt)biegin (MW = 1592 g/mol),

insulin (MW = 3495 g/mol). The solid lines are lingald, €) Fluorescence polarization (FP) as a function of binding molecular weight
corresponding to the same molecules mentioned in (b) and (c).

output polarization and the binding MW Rigure S11 molecular mass as well as polarization degree. According to our
Nonetheless, the laser output polarization showsamni theoretical model, molecular laser polarization may also be
errors and instabilities, making it extremely hard to discriminageected by theuorophore, viscosity, or energy transfer. To the

di erent molecules. Finally, we sought to utilize this lasdrest of our knowledge, this is thst optical approach that can
polarization system for small molecule sensing. As a proof-distinguish among dirent small molecules. This novel
concept, small molecules withedént concentrations were approach may have other applications in the biological and
conducted for two representative-sized moleculaguire biochemical elds. We believe our investigation of molecular
S12a,b Note that the rotational correlation time not only laser polarization may open a new avenue for laser emission-
depends on the binding molecular weight, but astsahe based detection to calibrate analytes.

ratio of bound molecules (bound molecules have larger

rotational time than the unbound molecules). Consequently, METHODS

when the concentration of target molecules increases, th

rotational correlation time increases, resulting in larger SETF_Ee experimental setup for all the experiments is shown in
Figure 2The transparent optaidic glass tube (Friedrich and

Dimmock Inc. (0.3 mm 0.3 mm inner square cross-section, 0.1

the same SER trend also observed witiredit water and MM wall thickness)), which contains FITC solution, was

glycerol ratios. Since glycerol provides higher viscosity than fifg1dwiched by two highly eetive dielectric mirrors. The dye
water, which can slow down the rotatioruofophores, this ~ concentration is 2 mM, cavity length equals tora0@ith an

result veries the increment of laser SER that is not due to th&Xcitation wavelength of 480 nm. For all measurements, we used

scattering of molecules, but the slower rotatiromdphores, (e Same mirrors, same pump location feereht small
molecular conjugated FITC solution, so that the Q-factor of the

cavity kept at the equal value. Both the parallel polarized laser
CONCLUSION and perpendicularly polarized laser emissions were collected
In this study, we provided thest experimental evidence of after passing through the polarizer. For the excitation of the
molecular lasing polarization and demonstrated how lasing SE&bry-Pet microcavity and the collection of laser emission, an
could be correlated to the study of small molecules. Takingverted microscopic system (Nikogp) Tith 20x 0.4 NA
advantage of strong optical feedback provided by the resonabjective was used. Optical pumping was achieved by a pulsed
cavity and coherence nature of stimulated emissioedhefe  ns-laser (EKSPLA PS8001DR) integrated with an optical
slight molecular rotation will be enlarged. Therefore, sevegrametric oscillator (repetition rate: 50 Hz; pulse duration: 5
types of small molecules could be clearly distinguished basedsih According to the respective absorption wavelength of

To avoid the eect of optical scatterifggure S1Blustrates

E https://dx.doi.org/10.1021/acsphotonics.0c00387
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uorophores, the pump laser was tuned to 480 nm for FITQNotes
The beam diameter at the objective focal plane M@asn The authors declare no competingncial interest.
wide. The collected light was sent into a charge-coupled device
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