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Indocyanine green (ICG) is the only near-infrared dye approved by the U.S. Food and Drug Administration for clinical
use. When injected in blood, ICG binds primarily to plasma proteins and lipoproteins, resulting in enhanced fluo-
rescence. Recently, the optofluidic laser has emerged as a novel tool in bio-analysis. Laser emission has advantages over
fluorescence in signal amplification, narrow linewidth, and strong intensity, leading to orders of magnitude increase in
detection sensitivity and imaging contrast. Here we successfully demonstrate, to the best of our knowledge, the first
ICG lasing in human serum and whole blood with the clinical ICG concentrations and the pump intensity far below
the clinically permissible level. Furthermore, we systematically study ICG laser emission within each major serological
component (albumins, globulins, and lipoproteins) and reveal the critical elements and conditions responsible for
lasing. Our work marks a critical step toward eventual clinical and biomedical applications of optofluidic lasers using
FDA approved fluorophores, which may complement or even supersede conventional fluorescence-based sensing and
imaging. © 2016 Optical Society of America

OCIS codes: (140.2050) Dye lasers; (140.4780) Optical resonators; (170.6280) Spectroscopy, fluorescence and luminescence;

(170.0170) Medical optics and biotechnology; (170.1610) Clinical applications; (170.1470) Blood or tissue constituent monitoring.
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1. INTRODUCTION

Indocyanine green (ICG) is the only near-infrared dye approved
by the U.S. Food and Drug Administration (FDA) for clinical use
[1,2], such as hepatobiliary surgery [3], sentinel lymph node
biopsy [4], and assessment of surgical tumor resection margins
[1,5]. ICG has low toxicity and exhibits absorption and emission
maxima around 730 and 800 nm (Fig. S1)—both wavelengths are
within the ideal spectral window of human tissues for clinical im-
aging. When injected in blood, ICG binds primarily to plasma
proteins and lipoproteins [Fig. 1(a)], resulting in enhanced fluo-
rescence [1,6–9]. In practice, ICG is injected in the blood circu-
lation within the normal clinical dosage range to locate the tumor
site and its margin by the higher fluorescence above the back-
ground since more blood vessels are grown within/around the
tumor site [10,11]. In addition, ICG has been extensively
used in in vitro preclinical studies of cell lines or animal tissues
[8,11–13] with an aim to develop innovative technologies and
methodologies for potential clinical applications. In cancer sur-
gery, one of the main prognostic factors for survival rate is com-
plete tumor resection and imaging modalities that allow the
specific differentiation and identification of vital structures, which
would be of huge benefit during image guided surgery. However,
in clinical applications, due to background fluorescence and
omnipresent tissue scattering, it remains challenging to obtain
high contrast in ICG emission between the tumor and normal
tissue for precise tumor detection and margins of excision
[12,14–16]. In in vitro applications, ICG emission is often
not sensitive enough to detect or monitor subtle changes in

concentrations or structures in biomolecules, cells, and tissues.
Therefore, ICG emission with a superior signal-to-background
ratio (SBR) is highly desirable.

Recently, the optofluidic laser has been explored in bioanalysis
at the molecular [17–23] and cellular level [21,24–26], in which
laser emission, rather than spontaneous emission (i.e., fluores-
cence), is used as the sensing signal. Laser emission has
distinct advantages over fluorescence. First, it is significantly more
sensitive to biomolecular and cellular changes than fluorescence
[18,19,21,22,27], thanks to the optical feedback in lasing.
Second, the laser signal is orders of magnitude stronger and
has much narrower linewidth (so that the broadband background
can be spectrally filtered out). Finally, due to the threshold behav-
ior in lasing emission, a large contrast (102–103 fold) can be
obtained between before and after lasing [17,28]. All of those
result in unprecedented SBR in imaging for tumor localization
and sensitivity in in vitro biosensing. Therefore, using ICG laser
emission could lead to a paradigm change in clinical practice and
theranostics. However, while a plethora of previous work has
shown the great promise of optofluidic lasers in in vitro biomo-
lecular and cellular analysis [17,18,21,22,24,25,27–29], no re-
search has been conducted on the feasibility of laser emission
from an FDA approved dye in whole human blood (which is tis-
sue), particularly at the clinically acceptable dye concentration
and external pump intensity.

In this article, we carried out for the first time, to the best
of our knowledge, a systematic investigation on ICG lasing.
We started with each major serological component (albumins,
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globulins, and lipoproteins) to elucidate the critical elements and
conditions responsible for ICG lasing. Then, we demonstrated
ICG lasing in human serum. Finally, we studied ICG lasing in
human whole blood. All the ICG concentrations in serological
component studies were well below the commonly used level
in in vitro biological studies (∼1 mM) [29–31] with the lasing
threshold on the order of 1 μJ∕mm2. More significantly, lasing
could be achieved in human serum and whole blood using
ICG within the normal range of clinical dosage (0.01–
0.07 mM in human blood [32,33]). The threshold of laser emis-
sion in whole blood was 10 μJ∕mm2, 20 times lower than the
laser exposure limit for tissues (∼200 μJ∕mm2) [34]. At the
end of the article, we will present a few possible clinical, preclini-
cal, and biomedical opportunities where the ICG laser may help
improve the existing practices and also discuss the challenges that
it faces, in particular for in vivo clinical applications where the
current high-Q cavities may not be applicable.

2. ICG LASING WITH SEROLOGICAL
COMPONENTS

Throughout the experiments, we used the optofluidic ring reso-
nator (OFRR) based on a thin-walled fused silica capillary, as
illustrated in Fig. 1(b). The circular cross section of the capillary
forms the ring resonator that supports the high-Q (>107) whis-
pering gallery modes (WGMs). The liquid was injected into the
OFRR, in which the evanescent field of the WGM present inside
the capillary interacts with the gain medium in the liquid and
provides the optical feedback for lasing. See Section 5.

First, as a control experiment, Curves 1 and 2 in Fig. 1(c) show
no laser emission from ICG (0.4 mM) alone in either phosphate
buffered saline (PBS) or deionized (DI) water at the excitation of
4.8 μJ∕mm2. In fact, no laser emission was observed even when
the excitation was as high as 25 μJ∕mm2. This is due to the
extremely low quantum yield (0.48%) of ICG in PBS or water.
In contrast, in the presence of proteins, rapid binding to ICG
results in a significant increase in quantum yield (∼4.0%,
Fig. S2). Although such a quantum yield is still quite low in com-
parison with that for many other dyes (such as Rhodamine 6G,
Cy3, and Cy5), it is sufficient to support laser emission. In turn,
since laser emission is stimulated emission, which is much faster
than many nonradiative recombination processes, the quantum
yield becomes significantly enhanced once the lasing threshold
is achieved. Curve 3 in Fig. 1(c) displays, to the best of our knowl-
edge, the first demonstration of ICG lasing with bovine serum
albumin (BSA, 1.2 mM) in PBS under the same excitation as
Curves 1 and 2. Strong laser emission peaks emerge on the
red side of the ICG fluorescence spectrum (900–935 nm).
The linewidth of each peak is approximately 0.18 nm, limited
by the resolution of the spectrometer. Those lasing peaks exhibit
an SBR as high as 800, nearly 20-fold improvement over that
obtained with the fluorescence-based measurement with the same
BSA–ICG mixture under the same excitation (Fig. S2 shows a
SBR of 40 for ICG–BSA fluorescence versus background), attest-
ing to the advantage of using laser emission in accurate determi-
nation of tumor boundaries and sensitive measurement of analyte
concentration changes [22].

In order to comprehensively understand the ICG lasing for
prospective clinical and preclinical applications, we first studied
the ICG lasing behavior of albumin, globulin, and lipoprotein
[Fig. 1(a)] with the ICG concentration well below the commonly
used level in in vitro biological studies [30].

A. Albumins

As presented in Fig. 2, we investigated the ICG laser under differ-
ent albumin/ICG molar ratios [Figs. 2(a)–2(c)] and various ICG
concentrations [Figs. 2(d)–2(g)]. Bovine serum albumin (BSA) in
PBS was used as our model albumin, since it is the most abundant
protein in blood plasma. We used five solutions with the molar
ratio of BSA:ICG ranging from 2∶1 to 3.3∶1 while fixing the
ICG concentration (0.4 mM). Figure 2(a) presents the lasing spec-
tra for different BSA/ICG molar ratios under the same excitation.
Detailed studies reveal that different BSA/ICG ratios resulted in
different lasing thresholds, as shown in Figs. 2(b) and 2(c), with a
minimal lasing threshold of 0.38 μJ∕mm2 for amolar ratio around
3∶1. This phenomenon suggests that the ICG binding efficiency
(or activation efficiency) plays an important role in ICG lasing.
Indeed, in Fig. S3 we carried out regular fluorescence measure-
ment with various BSA/ICG ratios. At a low BSA/ICG ratio,

Fig. 1. (a) Schematic diagram showing the composition of blood. The
diagram in the rightmost column lists the serological components along
with their respective typical concentrations in serum, which we have in-
vestigated in the current work. Green checks denote that lasing was
achieved with those components when indocyanine green (ICG) within
the clinically acceptable concentration range was added, whereas the red
cross denotes the component that no lasing was observed from ICG. In
addition to testing with serological components, lasing from ICG (within
the clinically acceptable concentration range) was observed when it was
added to serum and whole blood. (b) Schematic of the ICG laser using a
high Q-factor optofluidic ring resonator (OFRR). It also illustrates
that ICG lasing can only be achieved when ICG binds to serological com-
ponents such as albumin and lipoprotein. The green circles denote ICG
molecules, whereas the red circles denote serological components. During
the experiment, ICG was excited by a pulsed optical parametric oscillator
(OPO) (pulsewidth, 5 ns; wavelength, 660 nm). (c) Comparison among
various emission spectra of ICG. Curve 1, ICG alone in PBS; Curve 2,
ICG alone in DI water; Curve 3, ICG with albumin (BSA) in PBS.
All curves were obtained under the same pump energy density of
4.8 μJ∕mm2 with the same ICG concentration of 0.4 mM. Curves
are vertically shifted for clarity.
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the fluorescence is relatively weak, suggesting that not all ICG
molecules are activated (i.e., bound to BSA molecule). When
BSA∕ICG � 3, nearly all ICG molecules are bound to BSA
and fluorescence starts to saturate. Our fluorescence results
not only correlate well with our laser experiments, but also are
consistent with a recent finding that a BSA molecule can bind
at most one ICG molecule at a time [35,36]. Note that the slight
reduction in fluorescence (and hence increase in the ICG lasing
threshold) when an excessive amount of BSA was added may
be attributed to the additional absorption and scattering loss
from BSA.

To study the concentration dependency of the ICG lasing,
Figs. 2(d)–2(f ) show the lasing spectra of three ICG concentra-
tions at 0.04, 0.2, and 0.4 mM, respectively, when the BSA/
ICG ratio was fixed at 3∶1. The corresponding lasing threshold
curves are plotted in Fig. 2(g), showing the decreased threshold
with the increased ICG concentration, which is typical for an op-
tofluidic laser [37]. Even with the lowest ICG concentration
(0.04 mM), the lasing threshold was only 5.3 μJ∕mm2. To mimic
human plasma, we replaced BSA with human serum albumin
(HSA) (fluorescence spectrum in Fig. S2). Once again, a low lasing
threshold of 1.68 μJ∕mm2 was obtained when ICG (0.2 mM)
binds to HSA (0.6mM) (Fig. S4). The slightly lower lasing thresh-
old for HSA than for the BSA counterpart (2.3 μJ∕mm2) is due to
the relatively high binding affinity of ICG to HSA [35] (hence
the ICG quantum yield) as well as the red-shifted fluorescence
(and the gain) spectrum (see Fig. S2).

B. Globulins

Next, we studied globulins (GLBs), which take up nearly 35%
of the plasma proteins. We used three different concentrations
(0.1, 0.2, and 0.3 mM in saline) of γ-GLB (one type of GLBs
in blood) to cover the clinically relevant globulin concentration
(∼0.25 mM). The ICG concentration was fixed at 0.2 mM.
However, no lasing emission could be observed even at a high
excitation of 25 μJ∕mm2 (Fig. 3). Given that globulins have been
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Fig. 2. (a) Lasing spectra of ICG bound to albumin (BSA) with different molar ratios (BSA:ICG varying from 2∶1 to 3.3∶1). All curves were obtained
at the same concentration of ICG (0.4 mM) and the same pump energy density of 1.4 μJ∕mm2. Curves are vertically shifted for clarity. (b) Spectrally
integrated (900–930 nm) laser output as a function of pump energy density extracted from the spectra in (a). The solid lines represent the linear fit above
the lasing threshold. (c) Lasing threshold as a function of the BSA:ICG molar ratio extracted from the linear fit in (b). The minimum threshold of
0.38 μJ∕mm2 was observed around 3∶1. The dashed curve is a quadratic fit to guide an eye. (d)–(f ) Lasing spectra of (d) 0.4 mM ICG, (e) 0.2 mM ICG,
and (f ) 0.04 mM ICG bound to BSA under various pump energy densities. Multimode lasing with irregular spacing was observed as pump intensity
increases. All curves in (d)–(f ) were obtained with the same BSA:ICG molar ratio of 3∶1. Curves are vertically shifted for clarity. (g) Spectrally integrated
(900–930 nm) laser output as a function of pump energy density extracted from the spectra in (d)–(f ). The threshold based on the linear fit (solid lines) is
approximately 0.4, 2.3, and 5.3 μJ∕mm2, respectively, for 0.4, 0.2, and 0.04 mM of ICG.

Fig. 3. Emission spectra of the mixture of ICG (0.2 mM) and
γ-globulins of different concentrations. All curves were pumped under
a pump energy density of 25 μJ∕mm2. In humans, the average concen-
tration of γ-globulins was approximately 0.25 mM, within the concen-
tration range that we investigated in the current work. No lasing was
observed. Curves are vertically shifted for clarity.
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reported to bind ICG molecules in previous papers [6,38–40],
our result is surprising in that GLB is unable to produce lasing.
In Fig. S5, we investigated the cause of such negative results and
discovered that the quantum yield of ICG when bound to GLB
(∼0.56%) is not as high as generally thought. It is actually about
seven times lower than that of ICG bound to BSA.

C. Lipoproteins

Besides plasma proteins, lipoproteins are another major serologi-
cal component. Lipoproteins are complex particles that carry lip-
ids such as triglycerides and cholesterol through the bloodstream.
They are simply classified into high-density (HDL) and low-
density (LDL) lipoproteins, in which the LDL level is regarded
as a critical criterion for cardiovascular diseases. To determine
whether ICG binds to lipoproteins and generates lasing emission,
we investigated LDL in PBS with a concentration matching that
in human blood (∼0.01 mM). The ICG concentration was fixed
at 0.2 mM. In Fig. 4(a) we present the lasing emission spectra for
LDL pumped under various pump energy densities. Compared to
ICG lasing for albumins (center around 920 nm), lasing peaks for
LDL emerged at longer wavelengths (around 930 nm) due to the
red shift of the ICG–LDL fluorescence (hence the gain) profile
(see Fig. S6). Further pump energy density dependent experi-
ments in Fig. 4(b) show a remarkably low threshold of only
0.17 μJ∕mm2, which is more than 10 × lower than the corre-
sponding ICG–BSA lasing [threshold � 2.3 μJ∕mm2 given in
Fig. 2(g)] and ICG–HSA lasing (threshold � 1.68 μJ∕mm2

given in Fig. S4), which have the same ICG concentration
(0.2 mM). Such a low threshold can be accounted for by the
higher gain (proportional to the quantum yield, which is
12.8% for ICG–LDL) of ICG–LDL than that of ICG–BSA
and ICG–HSA (see Supplement 1 for discussion).

The above result becomes even more significant when we con-
sider that the LDL concentration (0.01 mM) used was 60 times
lower than BSA and HSA (0.6 mM). Previously it was thought
that albumins are responsible for enhanced fluorescence in blood
[8,38,41]. However, recent studies revealed that ICG might bind
mainly to lipoproteins [2,8,36,42,43]. Indeed, our fluorescence
measurement shows that lipoproteins bind more ICG and pro-
duce approximately three times stronger emission than albumins
(Fig. S6), despite a 60 times difference in lipoprotein and albumin
concentrations. Our lasing experiment offers another evidence to
support the above finding. Furthermore, this suggests that we can
obtain ICG lasing for lipoproteins well before for albumins, thus

providing a unique means to sensitively monitor lipid levels in
blood. In fact, due to the threshold behavior, the signal difference
between ICG–lipoprotein (lasing emission) and ICG–albumin
(fluorescence) can be as high as 100–1000 times [17,22,28],
orders of magnitude larger than the three times difference in
the conventional fluorescence measurement.

D. Serum

Moving a step forward, we explored the ICG lasing possibility in
human serum, which contains an abundance of plasma proteins,
lipoproteins, antibodies, hormones, and antigens. As a control ex-
periment (Fig. S7), no lasing emission was observed from serum
itself. In contrast, as we added ICG (0.2 mM) into serum, lasing
emission could easily be observed [Fig. 5(a)]. The lasing threshold
is 0.45 μJ∕mm2, falling between that of HSA and LDL, as ICG
molecules bind to both plasma proteins and lipoproteins. We also
measured serum by using ICG with a concentration as low as
0.04 mM; lasing was obtained with a threshold of 3.4 μJ∕mm2.

3. LASING IN HUMAN WHOLE BLOOD

Our work culminated in achieving direct lasing from “whole
blood.” As a control experiment, we first flowed human whole
blood (2 × diluted in PBS to avoid clogging) through the
OFRR as illustrated in Fig. 6(a). Upon excitation, no lasing emis-
sion was observed even at a high excitation of 25 μJ∕mm2

(Fig. S8). In contrast, when ICG (0.04 mM) mixed with human
whole blood (2 × diluted in PBS to avoid clogging), the lasing
band emerged at 915 nm [Fig. 6(b)]. The spectrally integrated
laser emission versus pump energy density for blood with ICG
is presented in Fig. 6(c), in which the lasing threshold is derived
to be approximately 10 μJ∕mm2. The relatively high lasing
threshold results from the relatively low concentration of plasma
proteins and lipoproteins in whole blood as compared to that in
the serum in our previous studies. Moreover, blood cells and
other serological components cause disturbance in the gain
media, which could significantly degrade the OFRR Q-factor.
Nevertheless, this lasing threshold is still >20 × lower than
the current standard for clinical surgery [34], which is considered
to be bio-safe and noninvasive.

Figure 6(d) presents the ICG concentration dependent
study of the “blood lasing” under the same pump intensity of
20 μJ∕mm2. The ICG concentration ranged from 0.01 to
0.06 mM, which is within the normal ICG clinical dosage
allowed in the circulation system of a human body. Again the blood
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sample was 2 × diluted. As shown in the black curve of Fig. 6(d),
only featureless emission was observed for 0.01 mM ICG.
Themost prominent blood lasing was achievedwhen the ICG con-
centration was around 0.035 to 0.04 mM. However, the laser
intensity began to drop dramatically when ICG was higher than
0.06 mM, and no laser emission was observed beyond.

Our concentration dependent laser emission results are con-
sistent with the previous studies on fluorescence, which show that
strong fluorescence is observed when the ICG concentration is
0.04 to 0.08 mM [44]. The maximum intensity around
0.065 mM indicates a critical point at which nearly all binding
sites in whole blood are occupied by ICG molecules. As such, the
fluorescence begins to decrease as the ICG concentration
increases beyond 0.065 mM, which can be attributable to two
possible factors, i.e., the increased absorption from excessive
unbound ICG molecules and the self-quenching effect of ICG
molecules [45]. Note that the two times difference in the optimal
ICG concentration between lasing (0.035–0.04 mM) and regular
fluorescence (0.065 mM) is due to the 2 × dilution in blood
samples used in our experiment.

4. DISCUSSION AND CONCLUSION

In this work, we demonstrated, to the best of our knowledge, the
first “blood laser” using the only FDA approved near-infrared dye,
ICG, in human whole blood with the dye concentration within

the clinically acceptable range. In addition, we also investigated
the ICG lasing behavior in three major serological components
(albumins, globulins, and lipoproteins) using the ICG concentra-
tion lower than the typical concentration used in in vitro studies
on cells and excised tumor tissues. In all studies, the pump inten-
sity is orders of magnitude lower than the exposure level that may
cause damage to cells or tissues (see Table S1 for summary).
Furthermore, we found that it is albumins and lipoproteins that
are responsible for ICG lasing and that lipoproteins are far more
effective than albumins in achieving ICG lasing.

Our work opens a door to a broad range of clinical and bio-
medical applications in vivo and in vitro that provide superior sen-
sitivity and imaging quality to their fluorescence counterparts,
such as in vitro examination of excised tumor tissues, in vitro di-
agnostics in whole blood (cancer cell detection and monitoring of
lipid in blood), in vivo tumor margin determination during sur-
gery, preclinical research applications, and single cellular bioanal-
ysis, just to name a few. Together with the recent advancement
in optofluidic cellular lasers [21,24–26], lasing in whole blood
(which is tissue and generally considered to be closer to actual
complex biological samples than cells) represents a critical step
toward eventual clinical applications of optofluidic lasers.

As an outlook, below we present a few clinical, preclinical, and
biomedical scenarios where the ICG laser may be implemented,
and discuss the challenges it faces. (1) Image guided surgery and
screening. In this scenario, the ICG is first administered to pa-
tients, and then the suspected tumor is removed and examined
under a fluorescence microscope. As discussed previously, ICG las-
ing may help improve differentiation and identification of vital
structures in tissues. To implement, a high-Q Fabry–Perot cavity
(the Q-factor is as high as 6 × 105 [46], close to that of the OFRR
used in the current work) can be employed for in vitro biological
imaging and spectroscopy due to its planar format. (2) In vivo char-
acterization and differentiation of tissues. In this scenario, macro-
scopic laser cavities such as the Fabry–Perot cavities and ring
resonators discussed above may not be applicable. In contrast,
the random laser [47,48] and plasmonic laser [49] offer a possible
tool to realize lasing at the microscopic and nanoscopic scales.
However, it should be noted that those types of laser cavities usu-
ally have much lower Q-factors, which may require higher ICG
concentrations and pump intensities. Therefore, more work needs
to be carried out in the future to develop cavities that are compat-
ible with in vivo tissues and have relatively high Q-factors.
Meanwhile, new methods that can deliver a higher concentration
of ICG, which helps lower the pump intensities required for lasing,
while maintaining clinical safety, should also be investigated. One
example in this regard is high concentrations of ICG encapsulated
in clinically compatible nanoparticle applications recently demon-
strated [50,51]. (3) Hyperspectral imaging. It has shown great
potential by combining laser spectroscopy with imaging, thereby
providing both higher spectral/spatial information and image con-
trast [15,16,52]. The ICG lasing presented in this article will also
lead to the development of novel hyperspectral imaging technol-
ogies that complement conventional fluorescence techniques.

5. METHODS

A. Materials

The ICG used in this work was purchased from Sigma-
Aldrich (Product #C5753). Other components including HSA

Fig. 6. (a) Schematic showing the excitation process of human whole
blood flowing through anOFRR. RBC, red blood cell;WBC,white blood
cell (leukocytes). (b) “Blood” lasing spectra under various pump energy
densities when ICG (0.04 mM) was injected into the OFRR along with
real human whole blood (2 × diluted with PBS buffer to avoid clogging).
Curves are vertically shifted for clarity. (c) Spectrally integrated (900–
930 nm) laser output as a function of pump energy density extracted from
the lasing spectra. (d) Concentration dependent study of the “blood” las-
ing with various ICG concentrations (0.01–0.06 mM) in human whole
blood (2 × dilution with PBS buffer to avoid clogging). A red shift is
observed as the pump increases. No lasing emission was observed when
the ICG concentration was above 0.06 mM. The pump energy density
was fixed at 20 μJ∕mm2. Curves are vertically shifted for clarity.
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(P8119), LDL (L8292), γ-globulins (G4386), and human serum
(H4522) were all purchased from Sigma-Aldrich. BSA and
PBS were purchased from R&D systems (Product# 841380,
#896009). Human whole blood was purchased from ZenBio
Inc. (Product# SER-WB10ML), which was collected from
healthy volunteers (one male and one female) through
Interstate Blood Bank, USA. First, ICG powder was dissolved
in DI water to form 2 mM solution, and then it was diluted with
DI water to lower concentrations (1 and 0.2 mM). LDL, BSA,
HSA, and human serum were originally ordered in solution form,
whereas γ-globulins powder was prepared by dissolving it in 0.9%
saline. The measured concentrations of LDL, BSA, and HSA
in this work were diluted by mixing with 2, 1, or 0.2 mM
ICG solutions to obtain the desired compound solutions. For
the serum experiments, 200 μL of pure serum was mixed with
50 μL of ICG (1 mM, 0.2 mM) to obtain ICG (0.2 mM,
0.04 mM) compound solutions, respectively. Regarding the
whole blood experiments, fresh human blood was first diluted
two times with PBS, and then it was added with 0.2 mM
ICG to form 0.04 mM compound solution. Other concentrations
of ICG used in experiments were prepared similarly. All the pre-
pared samples were allowed to stand for 20 min under room tem-
perature before measuring to ensure the completion of binding
reactions of ICG.

B. Fabrication of Optofluidic Ring Resonator

The fabrication of the OFRR has been well documented else-
where [53]. Briefly, a fused silica capillary preform (Polymicro
Technologies TSP700850) was first etched with diluted hydro-
fluoric acid and then rapidly stretched under CO2 laser irradia-
tion. The resulting OFRR capillary was slightly bulged with a
diameter of 80 μm at the center and of a few micrometers smaller
at the two necking points approximately 1 mm apart. The wall
thickness of the OFRR was approximately 2–4 μm, and the
Q-factor was approximately 107 [37,53]. Due to the thin wall,
the WGM has a sufficient evanescent field in the core and pro-
vides optical feedback for the gain medium flowing inside the
capillary to lase.

C. Optical Setup

A typical confocal setup was used to excite the sample and collect
emission light from the OFRR (Fig. S9). In this work, a pulsed
OPO laser (pulsewidth, 5 ns; repetition rate, 20 Hz) with 660 nm
was used as the excitation source to excite a 1 mm portion of the
OFRR capillary. The pump intensity was adjusted by a contin-
uously variable neutral density filter. The emission light was
collected through the same lens and sent to a spectrometer
(Horiba iHR550, spectral resolution ∼0.2 nm) for analysis.

Funding. National Institutes of Health (NIH) (NIBIB-
1R21EB016783); National Science Foundation (NSF) (ECCS-
1607250).

See Supplement 1 for supporting content.
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