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I. Theoretical analysis of a ring resonator laser with a single molecular layer of gain

Population inversion condition states that at the lasing threshold the round-trip emission
should be equal to the sum of the round-trip cavity loss and the round-trip loss caused by
molecular absorption.

Referring to Fig. S1, the cavity round-trip energy loss is determined by:

27mm 27mm
cavity = I- n ; -(27R) = [J.gog(r,ﬁ, z)E2(r,6’,z)mird¢9alz]-/10 01 -(27R), (S1)

where I is the total energy in the WGM. g(r,0,z) and E(r,0,z) are the dielectric constant and
WGM electric field. R and m; is the resonator radius and resonator effective refractive index,
respectively. A is the lasing wavelength in vacuum. Q is the resonator Q-factor. Assuming that
the dielectric constant and the electric field have only radial dependence, Eq. (S1) becomes:
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The round-trip energy loss due to molecular absorption is given by:
Lopsorion = 27R [ £,8(r)E* (1) p(r, 0, 2)0, (Ao )rddrd - | dz, (S3)

where p(1,0,z) is the density of molecules. G,(A¢) is the molecule’s absorption cross section at the
lasing wavelength. For molecules attached to the resonator surface, we have

p(r,0,z) = 4(0,z)-6(R) = A5(R), (S4)
where A(0,z) is the molecular surface density. The dependence on 0 and z can be removed if we
assume a homogenous surface distribution. Similarly, the emission of the molecules can be given
as:
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where c.(Ao) is the emission cross section at the lasing wavelength.
The corresponding population inversion condition for a four-energy-level laser system can be
written as:!-3
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where A,/L is the surface density of the molecules in the excited state normalized to the intensity
decay length of the WGM in the liquid, which is the effective concentration of the molecules.
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Figure S1. Illustration of the WGM and the parameters used in theoretical analysis.
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where my, is the refractive index of the surrounding liquid. Eg is the WGM electric field at the
ring resonator surface. n is the fraction of the WGM energy in the evanescent field.
According to the laser theory, the lasing threshold, Iy, is determined by:

h==T—, (S8

where y = 4,/ Ais the fraction of gain molecules in the excited state at the lasing threshold. Tis

the fraction of gain molecules that participate in lasing action. Referring to Eq. (S6),
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I1. Surface density ratio estimation for BSA specific binding and DNA hybridization

First we estimate the BSA surface density ratio between specific and non-specific cases.
According to the laser theory, the laser output power, Ioypu, 1s linearly proportional to the pump
intensity, Iy,mp, above threshold:

1 o<1,/ 1, —1. (S10)

output
Since the output in Fig. 3(A) and (B) is nearly the same and the pump intensity is well above the
respective threshold, based on Egs. (S8) and (S10), 10 times difference in the pump intensity
leads to:
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Subscript A/B denotes the conditions in Fig. 3(A)/(B). Note that in Eq. (S11), we use I'=1, since
all the dye molecules on the surface participate in lasing action. Using y ,=4.3% obtained by Eq.
(S9) with m;=1.45, 4, =520nm, nQ, =10°, o,(4,)=4x10""° cm?, and A/L=170 uM, we arrive
at y,/ys =A;/ A, =0.14, meaning that through specific binding processes the surface coverage
of BSA is 14% of the non-specific case.

Using Eqgs. (S8)-S(10) we can estimate the fraction of hybridized probe DNA cross-linked on

the fiber surface based on the threshold difference. Referring to Fig. 4(D), after 10 nM target
DNA incubation, Cy3 lasing threshold increases 3-fold. Thus,
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where the superscript denotes to the conditions after hybridization. In this case, I"is no longer
unity after hybridization, since a fraction of Cy3 molecules are completely quenched by Cy5
through FRET and do not participate in lasing action. y =y, considering that the total number
of Cy3 molecules on the surface and the cavity loss remain the same and that the Cy5 absorption
is negligible. ¥ is estimated to be 3.7% (using m;=1.45, A, = 600 nm, nQ,=10",
0,(4,)=4x10"° c¢m?, and A/L=170 uM), which leads to T =36%, meaning that 64% of the

probe DNA is hybridized with the target DNA.



Table S1. Modification and sequences of the 40 bases long single-stranded DNA.

Probe DNA | 5’ - Biotin - AC AAC AAA GAA CAA ATA
TAC ATA TAT GAT ATA ACA ACA AA -
Cy3-3

Target DNA | 5’ - Cy5-TT TGT TGT TAT ATC ATA TAT
GTA TAT TTG TTC TTT GTT GT -3’
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Figure S2. Cy3-labeled probe DNA and Cy5-labeled target DNA are hybridized first and
then cross-linked on the surface of the resonator. (Left panel) Control group. Probe DNA
alone. Only Cy3 lasing is observed. (Middle panel) Hybridization ratio=2:1. Cy3 lasing is
observed, but with a higher threshold and a lower emission efficiency. Cy5 lasing can also
be observed, which verifies the presence of CyS5. (Right panel) Hybridization ratio=1:1. Cy3
lasing is completely suppressed. Stronger CyS5 lasing is observed, indicating more Cy5
molecules are on the resonator surface. In all three cases, the probe DNA concentration (and
hence the Cy3 concentration) remains the same at 1 uM. The excitation wavelength is 518
/625 nm for Cy3/CyS lasing.
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Figure S3. (A) Ratio between laser emission from Cy3 in the presence and absence of the
target DNA (Cy5) based on the solid curves in Fig. 4(D). (B) Ratio between fluorescence
from Cy3 in the presence and absence of the target DNA (Cy5). Error bars are obtained with
5 measurements.
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