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Minimally invasive methods for temperature sensing
and thermal modulation in living tissues have extensive applications

in biological research and clinical care. As alternatives to —6h Temperature
bioelectronic devices for this purpose, functional nanomaterials ask —
that self-assemble into opéilly active microstructures er 54f

important features in remote sensing, injectability, and compact a3

size. This paper introduces a transient, or bioresorbable, system Ef: A
based on injectable slurries of well-ded microparticles that serve 0 AL A

as photopumped lasers with temperature-sensitive emission wave- = o el (n"f)Z5
lengths (>4 300 nm °C Y). The resulting platforms can act as ‘ g
tissue-embedded thermal sensors and, simultaneously, as distrib-

uted vehicles for thermal modulation. Each particle consists of a spherical resonator formed by self-organized cho
liquid crystal molecules doped withuorophores as gain media, encapsulated in thin shells of soft hydrogels #mat ¢
adjustable rates of bioresorption through chemical medliion. Detailed studies highlight fundamental aspects of the
systems including particle sensitivity, lasing threshold, and size. Additional experiments explore functionality as photot
agents with active temperature feedbackl (= 1 °C) and potential routes in remote evaluation of thermal transpor
properties. Cytotoxicity evaluations support their biocompatibility, arndiivodemonstrations in Caspeish illustrate their
ability to measure temperature within biological tissues with resolution of’@0This collective set of results demonstrates
range of multifunctional capabilities in thermal sensing and modulation.

temperature, self-organization, biodegradable, sensors, imaging

he temperature of biological systems and its activéiagnostic and/or therapeutic functionality with a limit

regulation are essential for life processes in alksidence time in the body, engineered to coincide wit

advanced organisms. From metabolic and ionic activityansient biological process such as wound Héaling.
at the cellular level touidic perfusion and immunological Recent strategies in remote temperature sensing ex
activity at the macro/organ-level, temperatugetsatissue  optically active materials, such as molecular probes
function, and deviations can indicate underlying illness arﬂ@)conversion nanoparticiésy quantum dots'® assembled
inform diagnosis. Once detected, active control of temperatymo nano/microparticlés *° for direct injection into bio-
can then serve as the basis for therapies to regulate chemjiggical tissues. Careful selection of materials and struc
imbalancesjnduce regional apoptoSisor activate/disrupt  enaples excitation at wavelengths of relative tissue t
neurological pathwdys. Bioelectronic devices can provide parancy, with consequent radiation of light that can pass

many of thes_e reql_Jired functions, but the_y involve inva‘c’_iﬁﬁrough the tissue for remote detection. Fluorescence ime
methods for insertion and require electrical readout wit

associated interconnected traces, digital electronics, andiu

antenna structures that have dimensions in the millimeter © December 7, 2020
centimeter randé. Functional nano/microparticle probes January 5, 2021
formed in biocompatible and bioresorbable materials arid January 13, 2021

con gured for injection, optical imaging, and remote sensing
represent promising alternati/8@sdditionally, fabrication of
such systems from bioresorbable materials can lead to
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Figure 1. Bioresorbable microdroplet lasers for biological temperature sevisocemplex coacervation. (a) lllustration of a gelatin
encapsulated, dye-doped LC microdroplet laser with internal radial helix directolep(b) Bragg reectance due to the molecular helix

and corresponding band-edge lasing when pumped with a nanosecond laser at 532 nm. Inset micrograph is of a single particle under crossed
polarized illumination. Scale bar is 50n. (c) Temperature tunable lasinga changes in LC molecular helical pitch. (d) Schematic
illustration of the complex coacervation fabrication process utilized to encapsulate LC droplets in shells of gelatin. (e) Micrographs
depicting encapsulated particlésn masseand the large-scale nature of complex coacervation production. Scale bar i 20@ inset

scale bar is 50m. (f) Resulting particle distributions of LC microdroplets measwedlaser scattering.

of this type allows for measurements of temperature in debplogically compatible materials that persist within tissues
tissuevia ratio-metric>** wavelength-shifting,and time-  and/or are toxic. In addition, such lasers have not been
resolved uorescené@in which the amplitude, wavelength, or explored for localized thermal modulation.
lifetime of uorescence, respectively, correlate to local This paper introduces a cholesteric liquid crystal (CLC)
temperature. However, the wavelength-dependent absorptimicrodroplet laser composed of and encapsulated in
and scattering of biological tissue necessitates excitation poliecompatible materials, including those designed to undergo
and depth calibration curves that are impractical favo complete bioresorption over controlled time scales. Here,
sensing where the exact optical path is uncértain. biologically derived cholesteryl-esters and an organic

In contrast, methods that encode temperature to emissigascent dye form the basis of tunable photopumpedriasers
wavelength are undistorted by depth or optical path. Withigelf-assembly into temperature-sensitive photonic cauvities.
this category of wavelength-tunable probes, micro/nandhen pumped optically, the particles emit laser light, with
particle systems that support lasing provide attractive featuvesvelengths that depend on the local temperature. Encapsu-
such as narrow wavelength operation, high output intensitgtion in gelatin hydrogel shelis complex coacervation
and tunability through resonant cavity dé$igA>*® These enables the large-scale production of sensors of this type, in
properties support enhanced sensitivity and create prospecisns that can be injected with a syringe into tissue locations
for functionality in deep tissue locations through engineerirg interest. Systematic evaluations of lasing dynamizthee
of emission characteristics. Photonic crystal lasers that exploitierlying physics of operation and the functional bounds of
dye-doped liquid crystals (LCskothe highest temperature this system in terms of key parameters such as sensitivity and
sensitivity within this class of optical schémdewever, minimum probe size. Quantitative measurements of laser-
these systems have largely been demonstrated with namduced heating lead to three independent modes of operation:
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(1) temperature sensing, where self-heating is minimal, (2) nonlinear temperature response, with a peak sensitivity in
thermal modulation, where temperature sensing accomparngssess of 300 nm°C . This large, negative sensitivity
laser-induced heating to establish a closed-feedback loop ddginates from a phase transition from cholesteric to smectic
active control, and (3) rapid and minute modulation of probe\, in which the chiral molecular orientation rafistiwind$
temperature, where analysis of decayeprgields thermal to yield a strated and layered vertical orientation. The
transport properties of the surounding media. Acceleratédnable and exceptionally high sensitivities that are possible in
enzymatic degradation studies reveal the chemical mechaniimese systems represent sigimt advantages over alternative
of bioresorption of the hydrogel shell with kinetics that can beaterials and modalities for temperature seBsimglemen-
tuned through shell cross-linking. Cytotoxicity assays usitayy Figure Shlso compares the shift in Braggamnce
mouse L929 cells demonstrate basic biocompatibility of themsed on comement for the CLC compound within a
materals and the products of their degradation. Injection arnghrallel-plate cell and a microsphere, respectively.
characterization of lasing within Casphrmodelsex vivp Encapsulating the CLC microdroplets in shells formed with
highlights the functionality of the microdroplets in biologicah cross-linked hydrogel (50% porcine skin gelatin, 50% gum
tissues. Taken together, the results presented here demonstaaticia; thicknesses up to &) via complex coacervatign
multifunctional capabilities in both active and passive thermsthbilizes and protects the cholesteric core from surrounding
interfaces to living systems, with possibilities for immediate usielogical environments. This process is amenable to large-
in biological research and with the potential for futurescale microencapsulafiéas demonstrated by its commercial
application in diagnostic and therapeutic clinical proceduresise in the food/cosmetics industries and for certain
thermochromic LC productsAs illustrated irFigure ,
the process begins with an emulsion of the dye-doped CLC
Dye-Doped Liquid Crystal Droplet Laser.Figure & compound in 10 wt % gelatin in DI water under constant
illustrates the structure and function of the microdroplet lasetgitation. Adding a solution of 10 wt % gum acacia and slowly
the core of which consists of a cholesteryl ester compound (kwering the pH to 4.5 causes the gelatin/gum acacia
wt % cholesteryl oleyl carbonate (COC), 26 wt % cholestergPpolymers to aggregate and nucleate on adjacent interfaces,
nonanoate (CN), 26 wt % cholesteryl chloride (CC)), and ancluding those associated with the CLC microdroplets. The
uniformly dispersed organimrescent dye (1 wt % nile red). Phase separation is mediated by electrostatic interactions
The CLC exhibits a radial-helical molecular director whe@mong the charged macrorooles, and the resulting
conned to a spherical geometry and creates periodi®ickness of the hydrogel can be controlled through the pH
variations in refractive diex radially throughout the and initial concentrations of the copolynteugplementary
drople?®?® This variation leads to a photonic band gap/ Figure Sallustrates the uniformity of the shell thicknesses for
Bragg reection for circularly polarized light with the samemicrodroplets with a range of sizes and demonstrates
handedness at a wavelength determined by the helical pitfiflependent control of this thicknessthe solution pH.
Overlap of this bandgap with the emissionlerof the The integrity of the shells relies on weak ionic attractions due
uorescent dye yields a resonant laser cavity in whicke@ampli to the opposite charges of the gelatin and gum acacia polymers.
spontaneous and stimulated emission can occur when optic&goling the mixture to 2C and increasing the pH to 9
pumped with a pulsed laser at a wavelength that overlaps wittgmote solidication. Addition of a cross-linker 0wt %
the absorption of the d§f&in this case a frequency doubled, glutaraldehyde) to covalently bond the gelatin and gum acacia
Q-switched Nd:YAG laser at 532 rigure b shows the  polymers yields a shell that is mechanically robust in biological
re ectance due to the photonic band gap as well as the lasi@gvironments. Iterative centrifuging and rinsing of the
peak that manifests at the band edge when optically excitencroparticle slurry with phosphate drad saline (PBS)
above the lasing threshold. Each particle is an independé&aiution eliminates any excess cross-linker from the solution
lasing cavity and functioning sensor. The micrograph insand porous hydrogel.
depicts a representative particle when viewed through crossthe surface energy and alignment imposed at thelelte
polarizers. The dark cross results from the radial-helicaterface represents a key consideration for the encapsulant
orientation of the LC molecufés. material. As sig@d by the gray ellipsoids within the
The pitch of the molecular helix is sensitive to temperaturgchematic illustration dfigure @, an interfacial planar
through changes in intermolecular distance and order. Tlfeomogeneous) alignment is essential for the proper radial-
composition of the LC compotidie nes the functional  helical alignment throughout the LC core and therefore to the
wavelength and temperature range (known within the L@unction and tunability of the droplet laser. While some
industry ascolor play). The temperature dependence of this encapsulants impart vertical (homeotropic) alignment and
system translates to the resonant wavelength of the cavigguire additional planar alignment layethe gelatin
resulting in a temperature-sensitive microdroplet laser in whiblidrogel reported here supports the desired planar orientation,
wavelength can be tuned throughout the emission band of thensistent with literatdfeand the cross-polarized microscopy
uorescent dyerigure & shows the laser emission of a results ofFigure b. Storage and use of the encapsulated
representative CLC microdroplet (47 wt % COC, 26 wt % CNparticles in PBS further ensure the desired core alignment
26 wt % CC) as a function of temperature with awithin agueous environments at ion concentrations similar to
corresponding sensitivity of4 nm °C 1. Increased those encountered vivo
sensitivities can be achieved with LCs that exhibit phaseThe sizes and shapes of the CLC microdroplets depend
transitions near the range of operating temperitéesan strongly on parameters such as the agitation method/speed,
example,Supplementary Figure Shows the rection solution viscosity/particle density, and rate of pH changes.
spectrum (as measured within a parallel-plate LC cell) of th@areful control of these conditions can yield large quantities of
compound above and a compound (30 wt % COC, 60 wt Ybarticles with spherical shapes and narrow size distributions, as
CN, 10 wt % cholesteryl dichlorobenzene (CD)) that exhibitsn Figure &. Measurements with a lasemadiion size
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Figure 2. Single-particle lasing characteristics. (a) Emission from single particles of varying diameters as a function of excitation energy. The
intersection of the two emission slopes represents the lasing threshold which is inversely related to particle size. (b) Imaging spectrographs
of the particles in (a). Particle-wide spontaneous emission collapses to a point of stimulated emission emanating from center of the LC
droplet resonator and in all directions. (c) Imaging spectrographs of particles as a function of diameter illustrating the smallest particles to
exhibit Bragg lasing of 19m at an incident energy of 7.5 mJ cmWhispering gallery mode emission is present on the surfaces of all
droplets but is largely overtaken by Bragg lasing as particles increase in size.

analyzer reveal a log-normal size distribution centered affraquency-doubled Q-switched neodymium-doped yttrium-
diameter of 30m for the CLC cores, ashigure £ As an aluminum-garnet (Nd:YAG) laser elucidates the lasing
aside, oblong cores and/or asymmetric shells can also mmechanisms. An imaging spectrograph resolves the resulting
obtained throughow-induced escts, without altering the emission after a long pakisr that removes pump laser light.
molecular orientation of the inner c&epplementary Figure The lasing threshold depends on particle size, as depicted in
S3 shows optical micrographs of various such asymmetfiegure 2 for particles with diameters of 30, 43, andnb@t
particles under cross-polarize@ated light. The dark cross pumping energies below the lasing threshold, spontaneous
patterns in these images are consistent with radial-helieghission occurs with an aency dened by the nile red
molecular orientations. The centraéectance points indicate  uorescent dy&>° As the excitation energy increases, the rate
the e ective formation of photonic band gap/Bragg resonances change in the emission intensity with the energy increases
and consequent lasing upon excitation. These results suggégti cantly and abruptly. The emission curve highlights these
robustness in the Bragg lasing phenomena within the particte® regimes (lasing and nonlasing), and the intersection
and an associated leniency in fabrication requirements aodrresponds to the lasing threshdidgure » shows
relative invariance to external forces and geometricgpectrograph images of the corresponding particles for selected
distortions? energies. When shown spatially, therelices between
Lasing Dynamics. Optically pumping the CLC micro- nonlasing and lasing states are even more apparent. Below
droplets with nanosecond pulses of light (wavelength: 532 nfasing, spontaneous emission occurs throughout the entire
repetition rate: @ Hz; spot size: 65 m diameter, particle, the intensity of which is proportional to the projection
Supplementary Figure ;Sénergy: up to 1J) from a of the uorescent dye density on the image plane. At the onset
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of lasing, the emission intensity becomes highly localized to tteategy for decreasing the lasing threshold and the minimum
center of the particle, indicative of the radial resonant modanctional particle size.
within the photonic cavity. Laser-Induced Heating and Additional Modalities.

The dependence of lasing threshold on particle size can ke signicance of laser-induced heating can be determined by
attributed to changes in the resonant strength of the CL@acking the Bragg lasing wavelength of a particle after
cavity and the amount of nonquenched dye available feubsequent excitation pulses. For a spherical particle of
stimulated emissi6f** Analytical forms for lasing threshold arbitrary material, the time for heat to conduct to the
originate from the laser rate equaticarsd/or density of state  surrounding medium is characterized oy  c#3
consideratioris, but result in the following dependence on wherer, , andcare the radius, density, and spdwat of the
particle diametéf: E, = Ad + B/d?, whereE, is lasing particle, respectively, andis the thermal conductivity of the
thresholdd is particle diameter, addandB are constants. surrounding medfa.For a 30 m diameter particle ( 15
Increasing the particle size increases the number of periods of) of CLC ( 950 kg m®, ¢ 1936 J kg K b
the molecular helix within the droplet, thereby enhancingurrounded in water ( 0.609 W m! K %), this yields
coherent scattering and increasing both the amplitude of tfe2 ms. This time scale is much longer than the pulse tgngth (
Bragg reectance and the eiency of the resonant cavijy, 5 ns) of the excitation laser, so we may assume energy is
Conversely, decreasing the particle size reduces the resona&nestively localized to the particle immediately after excitation.
e ciency of the radial cavity and decreases the amount Bhis initial spike in particle temperature, where 1, is
excipable gain medium through the smaller yqlume of thestimated byl 3tpKabs, where T is temperature change,
particle. This trend suggests that there is a minimum particle e a4 _ ) _
diameter below which lasing cannot occur. To explore thi§ the excitation intensity, aglis the absorption conversion
behaviorigure 2 presents a series of spectrograph images f6r ¢iency of the particle. From this relation, we see that the
particles with a range of diameters, each optically pumped atiBi§al temperature change is independent of the surroundings
energy density of 7.5 mJ éntere, the spectral composition and largely determined by the thermal properties of the LC
of the emission is shown instead of the spatigis. At ~ compound and the fraction of laser power absorbed and then
diameters below 19m, whispering gallery mode (WGM) converted thermally. The particle then reaches equilibrium
lasing occurs at the edge of the microdroplets due to thith the environment over the 0.2 ms time scale, well
di erence in refractive index of the LC and that of thePefore the next subsequent pulse as determined by the laser
surrounding medium. For diameters of i9and above, a  epetition rate (<50 Hz, 20 ms pulse-to-pulse), and before the
lasing peak forms at the center of the particle (in addition thC molecules can reorient due to changes in temperatures as
WGM lasing) and is consistent with lasing from the radigfétermined by their time constanfc( >1 ms). As a
Bragg resonance. While WGM lasing can exhibit sonf@llowing pulse excites the particle, the emitted ligttively
sensitivity to temperature due to thermally induced chang®oPes the thermally equilibrated state induced by the previous
in refractive index ((0.08 nAC %),'* (0.96 nm°C 1)*3), pulse. For thermal sensing applications, this allows undesired
lasing from CLC Bragg eetance is 23 orders of magnitude heat to dissipate throughout the environment and avoid
more sensitive and can be tuned/engineered for cspeciSigni cant localizatiorkigure @ demonstrates this capability
temperature and wavelength ranges. Also, the peak emis§f@§n@ 50 m microdroplet illuminated at 2 mJ €nand
wavelengths of WGM lasing depend strongly on partiéfe sizg@Petition rates of 20 Hz. Across this range of repetition
which will translate fabrication errors/distributions to sublfat€s and powers, modest increases in temperature appear after
sequent temperature measurements. In contrast, BragfgS of exposure (0.038 for 2 Hz, 0.072C for 5 Hz, 0.13
resonance lasing depends only on molecular pitch of th& for 10 Hz, and 0.1& for 20 Hz). These results indicate
CLC compound. For these reasons, Bragg lasing is hith heatlng increases with increasing repetition rate and
preferable for temperature sensing. porrespondmg energy Fransfer to the mlcrodoplgts, but

This minimum diameter for Bragg lasing depends on thig'Portantly can be minimized below 0@%or low repetition
e ciency/concentration of theorescent dy¥,the resonant rates. To quantify the temperature resolution of the entire

cavity e ciency Q), the pump energy, and additional measurement apperatus, the standard deviations of temper-
factoré® Supplementary Figure $femonstrates lasing ature are 0.01%C, 0.0093C, 0.0087C, and 0.0093C for

characteristics of microdroplets as a function of nile ref® 2 Hz, 5 Hz, 10 Hz, and 20 Hz data, respectively. The
concentration. Results show that an optimized dye concdgSUlts have an average standard deviation and temperature
tration between 1% and 1.5% leads to the lowest lasifgSOlution of 0.011°C for this LC compoundS( 4.1 nm

threshold and highest lasingiency. Loading above 2% leads © » 47% COC, 26% CN, and 26% CC). The temperature
to particulate formation and sigaint quenchingSupple- resolution of droplets consisting of the more sensitive LC

o 1
mentary Figure Sénalyzes the full-width-half-max (fwhm) cOmpound$ 300 nm°C * 30% COC, 60% CN, and 10%
and resonance eiencies of Bragg eetance (fwhm = 24 CD) requires further study with higher resolution environ-
nm), lasing emission at threshold (fwhm = 1.75 nm), an(ﬂnental controlSupplementary Figure $ibws spectrograph

highly driven lasing (fwhm = 0.1 nm) for a BOparticle. The ~ Mages of lasing droplets from this highly sensitive compound
after consecutive excitation pulses.

Q-factor of the lasing system is approximat€u=by.. — at Alternatively, further increasing repetition rates and/or
the lasing threshold, which results {@-factor of 341. LC  power can lead to controlled levels of heating, thereby
materials with higher birefringence could increase thisuggesting a method for thermal modulation and remote
resonance eiency and thereby reduce this minimum control of local temperature. In this mode of operation, the
diameter, with limits in the range of 10 originating from  droplets perform as functional photothermal probes, where
a minimum number of helical periods tectively reect active temperature feedback is possible through measurements
light° Decreasing the pump pulse length represents anothef the wavelength of laser light emitted with each fpigises
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5 s. Incorporating heating control through repetition rate
allows the precise measurement of temperature transients
while inducing local heating <0205

Collectively, these results outline three operational modal-
ities: (1) sensing of temperature within minimal laser-induced
heating, (2) thermal modulation with active feedback and
control, and (3) frequency-dependent transient measurements
with minimal heating which may allow for measurement of the
thermal properties of surrounding materials. Precise measure-
ment and dosing of heat can be valuable in photothermal
therapies wherein a well-controlled, elevated temperature can
induce apoptosis or neuromodulatfomhile measurement of
thermal transport properties of surrounding tissues can
distinguish between normal state anahimatory responses,
as examples.

Gelatin Shell Degradation Dynamics.In addition to the
measurement and control of temperature, the functional
lifetime of biodegradable photothermal probes must match
that of the disease, procedure, and injection site. After this time
period, the probes degrade into naturally occurring chemicals
and are resorbed or excreted from the body. Encapsulation in
protective shells is a common strategy to maintain the
structural integrity of microparticles within challenging
environment$° If left unprotected within biological media,
the oily cholesterol derivatives can coalesce and laminate to
internal surfaces, thereby losing their functionality as temper-
ature-sensitive lasers. As such, the lifetime and degradation
properties of the protective gelatin sheltta the functional
lifetime of the particles. Accelerated enzymatic degradation
tests over a range of shell parameters reveal the mechanisms by
which the cross-linked gelatin degrades. Encapsulated particles
for these studies use the fabrication methods detailed
previously but cross-linked with varying percentages of

Figure 3. Laser-induced heating and additional modalities. (a) glutaraldehyde (& wt %). Rinsing and centrifuging with
Temperature tracking of a 5an microdroplet laser as a function ~ PBS four times and then diluting 10®f particle slurry with

of excitation repetition rate and excited at 2 mJ énirhe LC 400 L of cleavage bar (100 mM NaCl and 50 mM Tris
compound is 47% COC, 26% CN, and 26% CC and measured at 2hase; pH 8) create the working solutions. A stock solution of
°C. (b) Repetitive excitation can induce localized heating to porcine pancreatic elastase (PPE) (10 mg/mL@) kimics
biologically relevant levels, in excess 6€] that can be useful for the native proteolysis of gelaim vivo Accelerated

controlled photothermal therapies with active, collocated temper- . : . ;

ature feedback. (c) Thermal transients relate to material properties degr{:ldatlc_)n involves mcubapon of ].'OOf enzyme SFOCk

of surrounding tissues. Repetition rates can be rapidly changed toSOlution with 50 L of the working solution at 3, resulting
induce transients with minimal changes in temperature (<0.05 iN an elastase concentration of 1.66 mg/mL. Beght-
°C). Compound in (b,c) is 33% COC, 41% CN, and 25% CC and transmission micrographs at 1 min intervals highlight the
measured at 37C. degradation process, asFigure 4 for a representative

distribution of core oil droplet sizes, from040 m, and O
3b demonstrates this actiVeedback by tracking the m. Initially, the dierences in refractive index with the
microdroplet temperature during changes in repetition ratgurrounding bier solution yield clearly aed outlines of the
for extended periods of time (30 min). Modulated from 1 togelatin shells. As hydrolysis progresses through cleavage of the
10 Hz and back to 1 Hz, the temperature of the microdropletomprising glycine- and alanine-rich proteins, the density of
displays the characteristic exponential rise and decay ofhe shell decreases, with corresponding reductions in the
thermally driven system subject to processes of thernmraifractive index. As such, thenit®n/contrast of the shell
di usion. The system can be driven to biologically relavamiso decreases, asigure 4. Similar decreases occur in the
temperature variations on the order 6€1which may be intensity of uorescence from 5-carboxytetramethylrhodamine
useful in neurological applications where modulation is desiréd TAMRA)-doped gelatin imaged with confocal microscopy
without incurring tissue damage2 (°C).* The standard (Supplementary Figure )Ss the hydrogel network
deviation at equilibrium is 0.0%2, which indicates that the continues to break down, the network rapidly swells with
local heating mode of operation has the same variance amdter and disintegrates. The dotted lines in the right most
temperature resolution as the sensing modality. Quantitativ@icrographs iRigure 4 identify the border of the shell at this
analysis can yield information on the thermal properties of thiapid transition. After the structural disintegration of the shell,
environmefif with direct analogues to methods employed inthe CLC microdroplet, which is less dense than wedgs,
electronic systerisFigure 8 demonstrates this concept by out of the eld of view.
applying rapid changes in repetition rate at low excitation The size distribution within a single batch of microdroplets
powers (2 mJ crf) and heating timespans variable from 30 tofacilitates studies of theeet of droplet size on shell
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tailoring of particles to spexinjection sites, tissues, and/or
disease states.
Comparisons of degradation times deternimeitro to
those observenh vivoare complicated by large, biological
variations in endogenous elastase concentrations, enzymatic
activity, and disease state, along with oteetsahat can arise
from mechanicaltidic forces. For context, production of
human neutrophil elastase (HNE) occurs in quantities up to 3
pg per cefi® At average cell diameters of 8.85 this
production yields a maximum concentration of 8.26 mg/mL
internal to the cell. Average concentrations of neutrophils
within blood vary between @ million per mL and 1510
million per mL in individuals experiencing bacterial inféttion,
corresponding to an average concentration aj/af. and
37.5 g/mL, respectively, upon release. Additionally, PPE can
be 6 times more active than HNE in degrading human lung
elastir® As such, the ects highlighted iRigure 3are, at
PPE concentrations of 1.66 mg/mL, greatly accelerated, such
that these results can serve as conservative lower limits on
degradation times vivo
Once the hydrogel shells are removed, the remaining particle
cores will undergo biodegradation. The LC compounds
metabolizevia cholesteryl esterase into cholesterol and the
respective fatty acid of the compoumnd, ¢arbonic acid,
benzoic acid, and nonanoic acid). Nile red is a commonly used
Figure‘4. Accelerateq e_nzymatic degradation and cross-linkingorganic uorophor? and metabolizegia the cytochrome
dynamics. (a) Transmissive micrographs of encapsulated particlesp 450 34 (CYP3A4) enzyme imémonoethyl andN-
during enzymatic degradation at 3. Each row paths the  yoqethy| productThis enzyme predominately resides in the

trajectory of particles of dering sizes and shell thicknesses. liver and intestinal tract and oxidizes small foreign, organic
Particles are cross-linked in a 1.14% glutaraldehyde solution. (b) gn, org

Particle area as a function of time obtainéid image boundary ~ molecules. . ,
analysis. Bulk degradation of the gelatin hydrogel shells resultsina  Cell Compatibility. A series of cell culture and
characteristic rapid disintegration and &ction point. (c) Tuning proliferation tests yield initial assessments of the biocompat-
of bulk degradation timevia percent of glutaraldehyde cross- ibility of the CLC microdroplet system. Encapsulated CLC
linking agent. microdroplets are introduced to cultures of mouse L929
broblast cells incubated in plate wells for 24 h and sink to the
cell interfaces. Over the following 3 days, the cells grow up and
degradatiorigure # shows axed area of individual particles around the gelatin shelisgure @ shows three-dimensional
(tracked through image processing algorithms implementedlaser scanning confocal microscope data and image cross
Matlab) as a function of time for a representative sample crosections of a representative particle surrounded by cells. Dapi
linked with glutaraldehyde at 1.14%. Interestingly, the aréad f-actin uorophores selectively stain the nuclei and
encompassed by the particles is largely invariant durififercellular regions blue and green, respectively, while the
proteolysis up until rapid disintegration, represented by tHdile Red within the CLC microdroplet idees the oil core.
in ection point in the area of the particles. This disintegratiohmportantly, the particles function properly after 3 days of
time is largely independent of droplet size/shell size, consist@uituring with cells, as shown within the spectrographs of
with a bulk, rather than a surface, mode of erosiorfigure 5. Results of MTT assay¥ € 3), highlighted in
Furthermore, the time of disintegration does not depend ohigure 8,d, dene the degree of cell growth/inhibition for
shell thicknessS(ipplementary Figure) SParticles with the  three particle concentrations and four glutaraldehyde percen-
same total area and cross-linking percentage, but iigintdi  tages, prepared using procedures described previously. In
core shell ratios display similar degradationgso addition to a control that does not involve particles, the results
Figure 4 shows that the disintegration time dependsinclude a case for particles with uncross-linked shells,
strongly on the degree of glutaraldehyde-induced cross-linkityresponding to 0% glutaraldehyde. Here the shells rapidly
between biopolymers within the gelatin matrix. This timelissolve (<1 min) at the 3T incubation temperature, and
asymptotically approaches a maximum5@amin) as a the resulting CLC microdropletsat away. Nearly 100% cell
function of glutaraldehyde concentration used to initiallproliferation compared to the control cams that the
synthesize the cross-linked matrix. The maximum cross-linkicttemical constituents of the shells are cytocompatible. Cell
density likely depends on two main considerations: (1) thproliferation is largely unimpeded for th& two concen-
stoichiometric ratio of glutaraldehyde to active, primary amingrsitions of particles, independent of initial cross-linker
from the gelatin starting material approach saturation, and/percentage. The highest concentration of particles, however,
(2) the continuously increased barrier tousion for impedes proliferation on the second and third day of
glutaraldehyde as the gelatin solution exhibits more solid-likeubation. This result could be due to residual glutaraldehyde,
behavior through physical entanglement and reduced hydgiven the increased volume of cross-linked gelatin shell, or due
philicity>? The ability to tune the degradation time of the to the physical limitation of space imparted by the saturated
microparticle shell independent of optical function allows fdayer of particles. Subsequent live/dead cell staining and
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Figure 5. Cytotoxicity study of transient microdroplet lasers. (a) Scanning confocal micrographs depicting a 72 h culture of L929 cells
surrounding a LC microdroplet laser. Dapi, f-actin, and nile red selectively label cell nuclei, intercellular regions, and the LC, respectively.
Scale bars are 50n. (b) Imaging spectrographs of a particle after 72 h of incubation with cells showing the spatial and spectral signature of

lasing. (c) Micrographs of L929 cells after 72 h of incubation for three variations of particle concentrations and four variations in cross-

linker percentage. (d) Multiday results of cell compatibility testitagthe MTT cell proliferation assay. The particles are not cytotoxic and

only slightly inhibit cell growth at high particle concentrations and if cross-linked with high concentrations of glutaraldehyde. Sample size,

= 3. Error bars indicate maximum bounds of sample set.

uorescence imagin@upplementary Figure ¥ifdicate 6¢c, corresponding to the outermost surface of the scales,
that the rate of cell death is noeeted by any of the particle interstitial space, and muscle tisstigure @ shows a
concentrations or cross-linker percentages. These combimecectance micrograph of the outlined particle, captured with
results suggest that the encapsulated particles and theinite light. Optical pumping yields emission highlighted by the
constituents are cytocompatible and are therefore appropria@responding spectrograpt-igure @, with peak emission
for further exploration in vivomodels. from the center of the droplet, characteristic of Bragg lasing.

Lasing in Biological Tissue.The ability to deliver the  The protective gelatin shell plays a critical role in preventing

microdroplets to targeted areas of tissues by syringe injectitve CLC microdroplets from deforming or adhering to
represents a key advantage over conventional implants &aljacent tissue surfaces and thereby losing their lasing
temperature sensifggure @ shows a micrograph of a syringe functionality, as iBupplementary Figure S11

during ejection of a microdroplet saturated solution into PBS, The emission from the injected particle lasers is bright and
a mechanism for introducing thousands of independemjpservable by a camera (Google Pixel 3), suggesting the ability
wireless temperature sensors. Casbgea species of zelsta for imaging with inexpensive spectrométerse 6 i shows
with genetic mod¢ations that inhibit the production of a series of pictures of a Casgércadaver in the focal spot of
melatonin to yield body tissues that are largely transparentttte microscope. Under incoherent white light illumination and
visible wavelengths, provides a vehicle to demonstrate thethe absence of particles, the scattered light frorahthe
functionality of these systems in biological tisSgese 6 white as expecteéjgure & With the same illumination
shows a picture of a Caspah cadaver with a dotted box that conditions but with injected microdroplEtgure @, the light
depicts the area for subcutaneous particle injection. Imagiemitted from the sh is red, indicative of the nile red dye.
can occur directly through layers of tissue, as shBwnria Figure @, shows corresponding pictures under pulsed laser
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Figure 6. Lasing irex vivoCasper sh. (a) Micrograph of a syringe needle ejecting a dispersion of encapsulated microdroplet lasers. Scale
bar, 500 m. (b) Camera image @Xx vivaCasper sh and area outlined for injection. Scale bar, 5 mm. (c) Micrographs of injected particles

at varying planes of tissue depth. While seemingly transparent, the tissue is translucent and semiscattering. Scalebét) X@0ite-

light micrograph of a single particle within the Caspsh and corresponding Bragg extance. (e) Imaging spectrograph depicting laser
emission upon excitation with pulsed nanosecond nd:YAG lasettdded camera image of the Caspsh illuminated with white-light (f)

without and (g) with particles. Laser excited particles within a Casgie(h) without and (i) with 550 nm long passter. Scale bar, 5 mm.

() Thermal thermography of the Caspesh at three dierent temperatures, 17°C, 22.0°C, and 25.9°C, and labeled A, B, and C,
respectively. (k) Laser emission from injected particles at the temperatures in (j). (I) Measured temperature oligahmeegdeak emission
wavelength of the particles graphed with respect to temperature gained through thermal imaging (IR), stage thermocouple (stage), and the
reference calibration of the LC compound (ref).

exposure. Accepting all outgoing light, the imagelire & temperature through the thickness of thle This eect

is dominated by the green excitation source. However, if teenphasizes the variation between internal and surface
excitation wavelength ikered out Figure §, observable temperature measurements and the opportunity advanced
lightthat emanates from thgh tissue has a color/wavelength optical probes have for accurate representations of internal
dependent on the local temperature. Varying the temperatugimperatures.

of the Caspersh cadavefiaa transparent heating stage allows

measurements of the internal temperature as determined ©Y

thfll_ microdroplet ter:]mlstsmn Wa\t/elengtgt. ined f ltiol This study establishes an important baseline of capabilities in
0 compare hé temperature oblainéd from mMulliPi&yaiarigls” science and optical engineering for biodegradable

technologies;igure fshows infrared thermal images coIIectedCLC lasers as bioloqi
) gical temperature sensors and photo-
at three stage temperatures (178@3.1TC, 27.27Cwith  therma) probes. Biologically derived cholestryl esters, organic

respect to an on-plate thermocouple),_with temperatures 0 orphores, and gletain/gum acacia copolymers form micro-
17.1°C, 22.0°C, and 25.9C near the region of microdroplet cayity |aser resonators through bulk and chemical self-
injection. The emission wavelengths of the internal drople{i%semmy_ When pumped optically, the bright and narrow
are, inFigure & mapped to temperature based on the CLCemissijon of the microdroplets is advantageous compared to
compound and compared to a reference thermocouple on tBgnventional moleculasorophores, while the high sensitivity
heating stage and that obtained from the thermal images ¢fithe CLC resonator imparts a temperature sensitivity beyond
Figure & The temperatures predicted from the lasingthat of alternative micro/nanolasers. The probes can be
wavelengths (17.9C, 23.04°C, 27.15°C) are in close utilized in three derent modalities: (1) temperature sensing,
correspondence with those of the stage thermoceple ( where self-heating is minimal, (2) thermal modulation, where
°C), while the infrared measured values are uniformly cool&smperature sensing accompanies laser-induced heating to
by 1°C. These dierences indicate the near-surface nature adstablish a closed-feedback loop for active control, and (3)
the infrared measurement and the expected gradients rapid and minute modulation of probe temperature, where
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analysis of decay pl@s yields thermal transport properties of Elforlight) emitting 1 ns pulses at 1064 nm which is frequency
the surounding media. Encapsulat@oomplex coacervation doubled Wi.th a heated KT_P crystal to 532 nm. Repetiti_on rate was
protects the particles within a hydrogel shell with independef@ntrolledviaan external signal generator and output pawan

; ; ; tical densitylter wheel. This laser was focused into an inverted
e e et fircscone (St T kon ough & 300,45 N
P g Pp q é@ective (S Plan Fluor, Nikon) to a 6® focal spot. Spot size

di erent functional lifetimes, such as short-term phototherm s controlled through a translatable lens assembly before the

therapy sessions (daysysusong-term inamation/implant  mjicroscope. Sample temperature was controlled with a heated indium
monitoring (years). Additionally, cytotoxicity studies suggegh oxide (ITO)-coated stage and controller (TC-1 Controller,
limited e ects on mouse L92®roblast cells and promise for Biosciences Tools). Power at the focal point was measured with a
in vivotesting. pyrometer (PM10 PowerMax, Coherent). Light emitted from the

These results represent the starting point for futaresse  sample is separated from the 532 nm excitationitadong pass
that will expand functionality to NIR operation and !ter and imaged with spectrograph (Acton SP2300, Princeton

incorporate additional features, such as shell functionalizatfggruments).

. : : : . ell Culture. A mouse L929 cell line was cultured with the
for trl_ggered d'.S.S.OIUtlon’ SImuIt_aneous d.rUQ dellve_ry, AN ricles to evaluate the biocompatibility. Minimum essential medium
targeting capabilities. For use in deep tissue regions,

_ _In deep ussue regions, 1pgqje (EMEM, Lonza) with 10% fetal bovine serum (FBS, Gibco)
operating wavelengths must lie within biological imaginghd 1% penicillin-streptomycin (PS, Invitrogen) was used as the cell
windows (NIR | and I1). The CLC materigand the schemes  culture medium.

for forming, purifying, and encapsulating the droplets are MTT AssayFor the 96-well plate,x510° cells were seeded into
broadly applicable. Development of LC-compatilaeo- each well, and the particles were added into the well after 2 days
phores capable of excitation and emission in the NIR | and ¢ulture. Cell proliferation was quaetdiby The CyQUANT MTT

regions remains a topic of current work. Attractive possibiliti€é$!! Viability Assay (MTT, Invitrogen, USA) at 24 h, 48 h, and 72 h
include up-conversion nanoparticles, quantum dots, ter addition of particles. The cells were washed by replacibg 100

. L of medium with fresh cell culture medium, to whichL16f the
alternatively, use of two-photon excitation schemes. MTT stock solution is added. The plate is then incubated for 4 h at

37°C. 100 L of the SDS-HCI solution is then added to each well
and incubated for another 4 h af@7Each sample is mixed, and the
Fabrication of Encapsulated Liquid Crystal Droplets. All solution is extracted to read within a plate reader. The absorbance at

chemicals were purchased from Sigma-Aldrich and used as receivexf "M is measured by a Cytation 5 imaging reader (BioTek, USA).
LC mixture consisting of 47 wt % cholesteryl oleyl carbonate (COCK,0r €ach data point within the assdyigire Sthere are three wells

26 wt % cholesteryl nonanoate (CN), and 26 wt % cholestenffultured with identical parameters, giving a sampl size, )
chloride (CC) was magnetically stirred/vortexed atC7Quntil Live/Dead Stain. The live/dead stain was performed in
homogeneous. Nile red was added to the LC compound at 1 wt %cqr_dance to the manufactaranstructions to image cellular

and continually stirred at 70 until uniformly dispersed. To create viability. For the 96-well platex5LC° cells were seeded into each

the initial emulsion, 3 mL of a 10 wt % gelatin (porcine skin) wavell, and the particles were addgd after _2 days of |ng:ubat|on. After 2
combined with 1.5 mL of the dye-doped LC compound within a 2¢lays, the samples were stained with a solution of calcein
mL scintillator vial at 5&C. The mixture was magnetically stirred at @cetoxymethyl ester and propidium iodide (Invitrogen, USA) and
1000 rpm for periods longer than 2 h to create an emulsion with tH@ixed for 30 min in a dark room. The samples were washed with PBS
desired LC droplet size distribution. Under continued agitation, 3 m@ind subsequently visualized using an invertedscence micro-

of 10 wt % gum acacia solution (from acacia tree) was added. The §AePe (Nikon, Japan). Images of representative microstdpic

of the emulsion was adjusted above 5 with a sodium hydroxidéere captured. ]

solution, and 8.3 mL volume of DI water was then gradually added,Cells F-Actin Fluorescent StainCells were cultured for 3 days

To induce conservation and formation of the hydrogel shell, th&ith particles andxed with 4% formaldehyde for 30 min at room
emulsion pH was adiabatically adjusted to 4.4 through dropwié@mperature. The samples were then washed three times with PBS to
addition of an acetic acid solution. Shell thickness can be controllE&Move thexing solution. Incubation with 0.1% Triton-X-100 for 5
through the pH. The uniformity of the thickness depends largely oflin at room temperature permeabilized the cell membrane. Then,
the conditions for agitation and speed of adjustment of the pH. At thfter washing three times with PBS, the samples were blocked with 1%
point, samples can be taken, imaged in a microscope for desired sRefft in PBS at room temperature for 1 h. After removing the blocking
properties, and the batch adjusted accordingly. If the shell is too laf§@9ent, the samples were stained with F-actin marker rhodamine-
or nonuniform, the pH can be reset above the isoelectric point of t alloidin (Invitrogen, USA) at room temperature for 40 min and
polymers to dissolve the hydrogel and tried again. A 25 wt dpen counterstfalned W|th&rd|am|d|np-2-phenyllndole_ (Invitrogen,
glutaraldehyde solution was then dropwise introduced rial a U$A) for 10 min. Images were obtained through Leica SP8 confocal
concentration of (6 wt % with respect to the total gelatin in Microscope (Leica, Germany)

solution. Under consistent agitation but lowered to 250 rpm, the

emulsion was then rapidly cooled t&€4After 1 h, the pH of the

emulsion was adjusted to 9 with the addition of a sodium hydroxide sypporting Information

solution to further solidify the shells. Without agitation, particles sinﬁfhe Supporting Information is available free of charge at

or oat depending on the size ratio of LC core and gelatin shel . .
Selectively removing theating particles and the remaining clear H‘Ittps.//pubs.acs.org/d0|/10.1021/acsnano.0010234

liquid phase created a dense slurry of encapsulated microparticles. Cholesteric liquid crystal composition and temperature
The slurry can then be stored (in a dark place at slightly above  dynamics (Figure S1); variable shell thickmizss
freezing or room temperature), rinsed of cross-linkégred based coacervation pH (Figure S2); robustness of LC

on size. orientation to particle deformation (Figure S3);

_ Optical Imaging and Characterization. Re ective micrograph characterization of pump laser (Figure S4); Nile Red
images oFigure lwere obtained with a digital microscope (VHX- trati d ticle lasi Ei s5)- i
5000, Keyence) under crossed polarization. The transmissive and CONceNtration and particie lasing (Figure S5); line

unpolarized micrograph image$imure 3were obtained with an widths and resonance @encies of lasing particles
Olympus CHBS. The lasing experiments throughout were performed ~ (Figure S6); lasing in highly sensitive LC droplet
with a Q-switched, DPSS nd:YAG laser (SPOT 1-500-1064,  (Figure S7); scanning confocal microscopy of gelatin
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