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Optically transmissive materials are indispensable

for the transmission of light or light-encoded signals

in telecommunications and optobiomedical techni-

ques. Here, we propose that slender crystals of small

organic molecules can be used as optically transpar-

ent, flexible, lightweight, and emissive media to de-

liver photons into or through biological tissues as an

alternative to silica- or polymer-based light wave-

guides. We demonstrate that organic crystals remain

transmissive in various tissues, and their efficiency in

light transduction depends on the intrinsic optical

properties of the crystal, optical path, geometry of

excitation, and the type of tissue. Moreover, elasti-

cally or plastically deformable organic crystals re-

main mechanically compliant and can be bent after

they have been embedded in the tissue, opening

prospects for designing a new class of biocompatible

light waveguiding elements based on crystalline

organic materials. In vivo implantation and toxicity

assays capitalize on mechanical flexibility and

biocompatibility in animal models. Within a broader

context, the high transparency, anisotropy, and

biocompatibility of some organic crystals turn this

emerging class of materials into a prospective plat-

form for delivering photons for specific interaction

with target cells in tissues for applications such as

photodynamic therapy and optogenetics.

Keywords: organic crystals, mechanical flexibility,

optical waveguides, biocompatibility, light transmis-

sion in vivo
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Introduction
Interaction of biological tissues with light, whether it is

for the purpose of harnessing natural light such as that

by some deep-water organisms like sponges,1,2 integra-

tion of soft robotic or prosthetic systems,3,4 or clinical

applications such as photodynamic therapy and optoge-

nomics,5–7 requires transduction of light from the source

or point of entry to the target for excitation via an

optically transmissive medium. The common optical

waveguides that are currently used for such purposes in

nature or clinical practice are based on biogenic or pro-

cessed silica. However, the brittleness and rigidity of this

rather accessible material stand in stark contrast with the

pronounced softness of the target biological tissues;

when mishandled or being used in contact with tissues

over a prolonged time, silica-based fibers could mechan-

ically damage cells of softer tissues, or even trigger

inflammation processes.8,9 Polymer-based optical wave-

guides could potentially circumvent this shortcoming,

and, being more compatible with biological inter-

faces,10–12 optically translucent polymers were thought to

hold prospects for organic wearables and implantable

optical sensors. The polymeric materials that can be used

to that end, however, are inevitably amorphous and

structurally isotropic. Increased crystallinity of the poly-

mer—for example by thermal treatment, mechanical

damage or aging—results in enhanced light scattering

from the ensuing crystalline domains, rendering these

materials opaque and ultimately decreasing their optical

transparency. These issues call for alternative optical

waveguiding materials that are light, soft, biocompatible,

and mechanically compliant. In addition to the usual light

transduction by total reflection, the candidate materials

should also be capable of advanced modes of light-cell

interactions, such as direction-specific modulation of light

intensity or nonlinear optical effects.

Being transparent, lightweight, and in many cases,

colorless, organic crystals have been recently established

as a distinct materials class that provides an optically

transducive medium that readily guides visible radiation

bymultiple total internal reflection.13–18 Beyond the visible

range, organic crystals of simple compounds have also

been suggested recently for transduction of light signals

in the near-infrared (telecom) regime, where the entirety

of Internet traffic is currently conducted.19 Being com-

posed of only light atoms, organic crystals have low

density. They are light in weight, and in some instances

when they are made of natural constituents, are also

known to be biocompatible.20 Their chemical structures

can be varied by relatively simple chemical/crystalliza-

tion procedures, and unlike silica for which the sole

access to chemically different compositions relies on

doping with other elements such as germanium, the

chemical versatility of organic crystals offers access to

a great diversity in physical, mechanical, and optical

properties. With the advent of mechanically compliant

organic crystals and the rise of adaptive crystals within

the realm of “crystal adaptronics” one of the main obsta-

cles that had impeded wider application of molecular

organic crystals—the lack of mechanical robustness due

to fragility and brittleness—has been overcome.21–24 It is

surprising that organic crystals have been seldom inter-

faced with applications in biological tissues, and almost

no biological toxicity has been measured. In this attempt

aimed at introduction of organic crystals as potential

light transducers in tissues and living organisms, we

explore the physical aspects of their performance both

in vitro and in vivo, and we set the basis for their future

implementation as mechanically compliant optical wave-

guides that can be used to transduce light onto or

through biological materials.

Experimental Methods

Preparation and general characterization

The synthesis and crystal growth of compounds O, G, B,

and Pwere performed according to procedures reported

in the literature.25–28 Weak ultraviolet (UV) light for exci-

tation was generatedwith a 365 or 375 nm optical source

and passed through an optical fiber. The UV visible (UV–

vis) absorption spectra were recorded by using a Shi-

madzu UV-2550 spectrophotometer (Shimadzu, Kyoto,

Japan). The emission spectra were recorded with a Ma-

ya2000 Pro CCD spectrometer (Ocean Optics, Dunedin,

Florida, United States). Three-point bending tests were

carried out by using an Instron 5944 universal testing

system (Instron, Canton, Massachusetts, United States)

with a capacity of 5 N Instron 2530 load cell (Instron,

Canton, Massachusetts, United States). The nanoinden-

tation measurements were conducted with Agilent Nano

Indenter G200 (Agilent, Santa Clara, California, United

States) with the continuous stiffnessmeasurementmeth-

od and an XP-style actuator (Agilent, Santa Clara, Cali-

fornia, United States). The widths and thicknesses of the

crystals were observed with an Olympus BX61 micro-

scope (Olympus, Tokyo, Japan).

Optical waveguiding tests

For the optical waveguiding tests, the crystal was irradi-

ated by the third harmonic (355 nm) of a Nd:YAG (yttri-

um aluminum garnet) laser with a pulse duration of about

5 ns. The energy of the laser was adjusted by using

calibrated neutral density filters. The beam was focused

onto a strip whose shapewas adjusted to 3.3 ×0.6mmby

using a cylindrical lens and a slit. The emission was

detected at one end of the crystal by using a Maya2000

Pro CCD spectrometer (Ocean Optics, Dunedin, Florida,

United States). The crystal was placed on a silicon wafer,
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and one tip of the crystal extended out of the edge of the

wafer to align it with the probe of the spectrometer.

While changing the excitation locations, spectral data

were collected for each location at the excitation site and

at the tip of the crystal. After the spectral recording, the

crystal was bent and fixed with glue, and the data was

collected by using the aforementioned method. The op-

tical loss coefficients (OLCs) (α) were obtained by a

single exponential fitting of the function Itip/Ibody =

Aexp(−αD), where Itip and Ibody are the fluorescence

Figure 1 | Chemical structures, appearance, and emission of organic crystals for delivery of light to porcine tissues.

(a) Compounds O, G, B, and P. (b) Normalized absorption (broken line) and fluorescence emission spectra (solid line)

of crystals ofO,G, andB. (c–h) Photographs of crystals ofO,G, andB under a 355 nm laser irradiation (c–e) and 654 nm

laser irradiation (f–h). (i, j) Spectra collected at the tip of crystals of O, G, and B as their other end is excited with a

355 nm laser (i) or 654 nm laser (j), respectively. Panel (i) shows the fluorescence, while panel (j) shows a spectrum

identical to that of the incident light. (k–n) Photographs of the light in porcine tissue (thickness ∼2 mm) taken before

(k, m) and after (l, n) insertion of the crystal Owaveguide. In panels (k) and (l), an external light source (654 nm laser)

was directly applied to the surface of the tissue (k), and then coupled to a crystalline waveguide implanted into the

tissue (l). In panels (m) and (n), an external (365 nm) UV light was directly applied to the surface of the tissue (m), and

then coupled to awaveguide implanted into the tissue (n). (o–q) Mechanical bending of a crystal ofO in porcine tissue,

O1@PT. (r, s) Photographs of B@PT excited with a 654 nm laser perpendicular (r) to and parallel (s) to the direction of

light transmission. The dotted yellow arrows indicate the direction of the laser: the horizontal arrows represent laser

light parallel to the direction of light transmission, and the vertical arrows represent laser light perpendicular to the

direction of light transmission. The length of the scale bars on all panels is 5 mm.
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intensities of outcoupled and incidence light, andD is the

distance between the excited site and the tip where the

emission was collected.

Cell culture and cytotoxicity assay

Cell culture

In general, the HeLa cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, high glucose, pyru-

vate) containing 10% fetal bovine serum (FBS) and 1%

Antibiotic-Antimycotic at 37 °C in a humidified 5% (vol/

vol) CO2 incubator.

Cytotoxicity assay

The effect of crystals O, B, and P on cell viability was

analyzed by using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT). Cells were seeded

into a flat-bottomed 96-well plate (1 × 104 cells/well) and

incubated in DMEM containing 10% FBS (DMEM+) at

37 °C in a 5% CO2 incubator for 24 h. The medium was

then replaced with a culture medium DMEM+ containing

various concentrations of O, B, and P (0, 0.5, 1.0, 2.0, 5.0,

and 10.0 μM) and 1% dimethyl sulfoxide (DMSO). After

incubation for 24 h, MTT reagent (final concentration,

0.5 mg/mL) was added to each well, and the plates were

incubated for another 4 h in a CO2 incubator. Excess MTT

tetrazolium solution was then removed. After the for-

mazan crystals were solubilized in DMSO (100 μL /well)

for 30 min at room temperature, the absorbance of each

well was measured by a microplate reader (Bio-Tek

Instruments, Inc., Winooski, Vermont, United States) with

an excitation at 490 nm.

Animal ethics and histological examination

Animal ethics

The experiment was performed with approval from the

Animal Care and Ethics Committee of Jilin University in

China, Changchun, China. All experiments were per-

formed according to the Care and Use of Laboratory

Animals published by the US National Institutes of Health

(NIH Publication, 8th Edition, 2011).

Histological examination

Balb/c mice (n = 5 for each group) were intravenously

injected with crystals P [100 μL/10 mg, 10 μM in 95%

phosphate-buffered saline (PBS) and 5% DMSO], and

major organs including brain, lung, kidney, liver, spleen,

and heart were collected, fixed, and stained with hema-

toxylin and eosin (H&E) after 24 h administration. The

control group was treated with 100 μL/10 mg of 95% PBS

and 5% DMSO. The tissue images were taken by a con-

verted Nikon microscope (Nikon, Tokyo, Japan) with a

20× objective.

Results and Discussion
To assess the performance of crystals as active wave-

guides in biological tissues, we selected three previously

reported and, intentionally, chemically unrelated or-

ganic crystals, (Z)-3-(furan-2-yl)-2-(4-(((E)-2-hydroxy-

5-methylbenzylidene)amino)phenyl)acrylonitrile (O), 9-

anthracenecarbonitrile (G) and (Z)-4-(2-cyano-2-(4-(tri-

fluoromethoxy)phenyl)vinyl)benzonitrile (B) (Figure 1a

and Supporting Information Figure S1).25–27 Crystals of

another compound, 2,2′-((1E,1′E)-1,4-phenylenebis(eth-

ene-2,1-diyl))dibenzonitrile (P), were selected for addi-

tional in vivo experiments (see below).28 When excited

with UV light, crystals of O, G, and B conveniently emit

fluorescence, orange–red, green, and blue, respectively, a

property that provides the opportunity to examine the

transmission of light at different wavelengths (Support-

ing Information Figure S1). Their solid-state absorption

and emission spectra show that their active and passive

light-waveguiding properties depend on the wavelength

of the light source (Figure 1b and Supporting Information

Figure S2). If they are excited with a 355 nm laser, these

crystals act as active waveguides by emitting fluores-

cence of different colors (Figure 1c–e,i). Instead, when a

654 nm laser light is used for excitation, they act as

passive waveguides by transmitting the input signal with

an unaltered spectrum (Figure 1f–h,j). The mechanical

properties of the crystals were elucidated from the cor-

relation between the stress and strain or between the

load and displacement in three-point bending tests (Sup-

porting Information Figure S3 and Table S1). While nee-

dle-like crystals of O and B are elastic under external

force and regain their bent shape, crystals ofG are plastic

and remain bent after they have been deformed. The

Young’s moduli and hardnesses of the crystals were

determined by nanoindentation, and the results are

summarized in Supporting Information Figure S4 and

Table S2.

We first qualitatively evaluated the ability of the crys-

tals to transmit light signals through biological tissues.

The experiments were performed with two slabs of por-

cine tissue (PT) that were ca. 15 mm long and 1–2 mm

thick. After removing the skin, the porcine tissue was cut

into thin slices of both adipose (fat) and lean muscle

tissue. When irradiated laterally, the tissue was strongly

absorbing, and the 654 nm laser light could penetrate

only 4.60mmunder its surface, while the 365 nmUV light

could only penetrate 2.65 mm (Figure 1k, m). A single

crystal of O (sample O1) was then sandwiched between

the two tissue slabs, and weak UV light was applied to

facilitate the observation of the crystal via its emission.

For simplicity of the measurement, the light excitation

was applied onto the tissue above the crystal and col-

lected at the end of the crystal. The embedded crystal

O1@PTwas capable of passive and active transmission of
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light across a distance of 16.02 mm without significant

attenuation compared to the porcine tissue (Figure 1l, n).

To confirm reproducibility, the results obtained with a

second crystal of O (O2@PT) embedded in tissue were

consistent with those for O1@PT, with a penetration

depth of the pristine porcine tissue of 3.54mm at 654 nm

and 2.20 mm at 365 nm (Supporting Information Figure

S5). The same experiments were carried out with crystals

of G and B (G@PT and B@PT, respectively), and they

were found also to be capable of transmitting both active

and passive light signals in the tissue across distances of

up to 25.81 and 36.85 mm, respectively (Supporting

Information Figures S6 and S7). To test the mechanical

flexibility of the embedded crystal O1@PT, the crystal

was bent, and it did not fracture (Figure 1o–q). The

retention of mechanical compliance demonstrates that

organic crystals, in principle, fulfill one of the key

prerequisites for flexible biomedical waveguides. We

further confirmed that not only elastic and plastic organic

crystals retain their mechanical properties when they are

embedded in tissues, but they can also be bent multiple

times. This result provides further support for these

materials as flexible biocompatible optoelectronic light

transducers. Moreover, when a crystal of B with a length

of about 4 cm is embedded in the tissue, the signal can be

well transmitted to the other end regardless of whether

the 654 nm light was shone vertically or parallel to the

longest crystal direction (Figure 1r, s).

To quantify the transmission capability, we determined

the OLCs of crystals embedded in the tissue. Unem-

bedded crystals of O, G, and B were first irradiated in air

at different positions with a 355 nm pulsed laser, and the

emission spectra were measured at one of their ends

(Figure 2a–c). The intensity decreased as the distance

Figure 2 | Optical transmission capability of organic crystals through biological tissues. (a–c) Images of organic

crystals embedded in porcine tissue (O–B@PT) and excited with UV light. Crystals of O, G, and B were sandwiched

between tissue slices and excited with a 355 nm laser focused at different positions, whereby they emitted light with

different colors. (d, e) Fluorescence spectra collected at the tip of the crystals ofO–B alone (O–B) and in porcine tissue

(O–B@PT) with different distances between the tip and the excitation site of the laser. Two samples of B (B1 and B2)
were measured for both the B and B@PT to confirm reproducibility. (f–h) Itip/Ibody decays of crystals O–B and after

incorporation in porcine tissue, O–B@PT. All scale bars are 5 mm.
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between the points of excitation and measurement in-

creased. The measurement was repeated after embed-

ding the crystals in the tissue (Figure 2d). Different

crystals of the same compound (as an example, the

spectra of two crystals of B are shown in Figure 2e) were

used to confirm reproducibility. The OLCs of the original

crystals O, G, and B, and crystals embedded in tissue

O–B@PT were calculated by fitting the resulting data

according to the literature method17 as shown in

Figure 2f–h. Expectedly, the transparency decreases and

the OLC increases when the crystals are incorporated

into the tissue (Figure 2d, e). As typical values, α for a

crystal of O at 613 nm was found to be 0.186 mm−1 in air

and 0.250 mm−1 in the tissue (Figure 2f). These results

confirm that the tissue attenuates light strongly, as

expected from the higher refractive index of porcine

tissue (ca. 1.38–1.41)11 compared to air (∼1), which effec-

tively increases the overall OLC. We note that additional

losses are expected from scattering at the interface

between the crystal and the tissue. The values of α were

Figure 3 | Effect of the type of tissue on the transmission. (a, b) Photographs of the crystal O inserted into porcine

adipose (fat) tissue, PF (O@PF) in daylight (a) and under UV light (b). (c, d) TheO@PF excited with a 365 nm UV light

perpendicular (c) and parallel (d) to the direction of light transmission. (e, f) Photographs of the crystalO inserted into

a lean muscle porcine tissue, PL (O@PL) in daylight (e) and under UV light (f). (g, h) The O@PL was excited with a

365 nm UV light (g) and 654 nm laser (h) parallel to the direction of light transmission. The dotted yellow arrows

indicate the direction of the laser. All scale bars are 5 mm. (i) The corresponding spectra collected at the tip ofO1@PT,
O2@PT, O@PF, O@PL, G@PT, and B@PT as their other ends were excited with a 654 nm laser along different

directions, respectively. (j, k) The corresponding fluorescence spectra collected at the tip of O1@PT, O2@PT, O@PF,
O@PL, G@PT, and B@PT as their other ends were excited with a 365 nm UV light along different directions. Solid and

dashed lines represent vertical and horizontal irradiation, respectively.
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Figure 4 | Light transmission through flexible organic crystals in vivo. (a) An illustration of the procedure used to insert

a crystal into muscle tissue by using a syringe. (b) Photographs of a deformable crystal B embedded in chicken tissue

in daylight (left) and under UV light (right). The rightmost panel shows a zoomed image of the perforation. (c) Optical

waveguiding properties of a crystal of B embedded in a tissue. (d, e) Schematic illustration of the procedure for

embedding a crystal in a mouse (d), and flexible active and passive optical waveguiding of light through the straight

and bent crystal (e). (f) Photograph of a crystal P partially embedded under the abdominal epidermis of the

anesthetized mouse. The lower panel shows a zoomed representation of perforation. (g) Passive optical waveguiding

of light through a crystal P embedded in a mouse. (h, i) Active optical waveguiding of light through a crystal P
embedded in the mouse in straight (h) and bent (i) states. (j) The corresponding fluorescence spectra collected at the

tip of the crystal P as its opposite endwas excited with a 375 nm (bottom) or 654 nm (top) light. Output 1 is in the body

and output 2 is in the air. The lengths of the scale bars are 2 mm in panels (b) and (c), 1 cm in panel (f), and 5 mm in

panels (g–i).
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wavelength-dependent, so for a crystal of G at 412, 437,

and 496 nm, α was determined to be 0.460, 0.394, and

0.200 mm−1 in air, and 0.542, 0.516, and 0.253 mm−1 in

tissue (Figure 2g). Finally, while the OLC is quite consis-

tent for different neat crystals, its value depends on the

optical path through the tissue, and therefore for the

same crystal, it might be slightly different when it is

embedded in different tissue samples, even if they are

of the same type (Figure 2e, h).

The experiments were repeated by using other types of

porcine tissues (adipose and lean muscle tissues,

Figure 3a, b, e, f) and with different geometries of irradi-

ation of the crystal (Figure 3c, d, g, h). Compared to

vertical excitation (perpendicular to the crystal), horizon-

tal excitation (parallel to the crystal) delivers more

photons into the crystal, and thus the output signal

intensity is consistently stronger, provided that the other

conditions are maintained constant (Figure 3c, d, g, h). In

addition to the thinly sliced pork tissue that includes both

adipose and lean muscle (PT), soft adipose (PF), and

hard lean (PL) cuts were also used (Figure 3i, j). Based

on comparison of the output spectra and the OLCs, we

conclude that while the results between different crystals

of the same compound vary only slightly due to the

uniform composition of the crystals, the type of tissue

has a strong effect on the light transmission. The overall

light transduction is a result of the cumulative effectors

of the transmission through both the crystal and the

tissue, where the optical properties of the latter vary

with its composition and thickness. The effect is addi-

tionally directly related to the inherent energy distribu-

tion of the incoming light, that is, the fluorescence

spectrum of the crystal (Figure 3k).

Encouraged by the results, we investigated the appli-

cation of organic crystals as light transducers in vivo.

Since these crystals are generally soft, their implantation

Figure 5 | Mechanical stability of the organic crystals embedded in mouse and assessment of their cytotoxicity. (a, b)

Optical waveguiding of a crystal of P which was bent 30 times. The aerial (a) and implanted ends (b) of the crystal in

the mousewere excited by a 375 nm UV light after every five bending cycles. The lengths of the scale bars are 5 mm in

panels (a) and (b). (c) Cell viability results of the HeLa cells incubated with the compounds O, P, and B assessed by an

MTT assay. The results are expressed as percentages of the probe-free controls. All data are presented as mean ± s.d.

(n = 10). (d) H&E stained photomicrographs of tissue slices (lung, liver, brain, spleen, kidney, and heart) of mice injected

with crystals P at a dose of 100 μL/10 mg per time. The lengths of scale bars are 100 μm in panel d.
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required development of a method for insertion of the

crystal into the tissue without damage. The implantation

procedure was optimized by using chicken tissue. As

shown in Figure 4a, the crystal was first placed in a needle

of a syringe filled with PBS, and the needle was slowly

inserted into the tissue to a certain depth. A small seg-

ment of the needle was subsequently pulled out, and PBS

was injected to exert force which pushed the crystal into

the tissue. Finally, the syringe was slowly retracted, leav-

ing one portion of the crystal embedded in the tissue,

while the other portion remained exposed to air (Sup-

porting Information Movie S1). By using this procedure, a

crystal of O measuring 2.0 cm in length was inserted to a

depth of 1.1 cm into the tissue, and approximately 1 mm

away from the surface (Supporting Information Figure

S8). When illuminated with a 365 nm light perpendicular

to its length, the entire portion of the crystal that was

embedded in the tissue emitted bright orange light (Sup-

porting Information Figure S8b). However, when UV light

was shone onto the crystal parallel to its length, only

about 50% of the portion of the crystal embedded in the

tissue emitted light (Supporting Information Figure S8b).

Using the same method, a deformable crystal of B with a

length of 1.9 cmwas embedded into the tissue to a depth

of approximately 0.9 cm and about 2 mm from the

tissue’s surface (Figure 4b). When one end of the crystal

was excited, emission of blue light was observed from the

tip of the crystal both in air and in the tissue (Figure 4c).

We also confirmed that these crystals can be removed

from the tissue without breaking (Supporting Informa-

tion Movie S2).

With the insertion technique at hand, crystals of 2,2′-

((1E,1′E)-1,4-phenylenebis(ethene-2,1-diyl))dibenzonitrile

(P), which are known to be flexible (Supporting Informa-

tion Figure S9), were embedded under the epidermis of a

mouse with a syringe as described above (Figure 4d).

After the mouse was anesthetized, its abdominal area

was depilated, and a small incision was made under the

abdominal epidermis. A 9 mm-long crystal of P was

inserted completely under the epidermis (Supporting

Information Figure S10a). Either 375 or 654 nm light

source was used to excite one end of the crystal through

the skin, and green and red fluorescence was observed at

its other end, respectively (Supporting Information Fig-

ure S10b,c). Similarly, an 8 mm-long crystal was inserted

under the epidermis of a mouse up to about half its

length (Figure 4f). In this case, the crystal was capable

of both passive and active optical waveguiding, and in

both straight and bent states, allowing for signal trans-

mission from the air to the abdomen of the mouse, and

vice versa (Figure 4e, g–i). We note that the section of

the crystal that was under the mouse’s skin had to be

bent to be able to penetrate deeper into the interior,

which resulted in a slight decrease in intensity of the

collected light (Figure 4j). To further validate the me-

chanical stability of the crystal as an optical waveguide

within the living organism, a portion (6 mm) of a 1.6 cm

crystal P was inserted into the subcutaneous tissue of a

mouse using a syringe, as described above. The crystal

was then strongly and repeatedly bent (Supporting In-

formation Figure S11). As shown in Figure 5a, b, during

bending of the crystal 30 times and excitation of its aerial

terminuswith a 375 nm light, bright and stable green light

signal was consistently observed within the mouse’s

body. This result confirms the notable mechanical com-

pliance of the crystal which sustains delivery of photons

in vivo, even upon mechanical deformation. Additionally,

to eliminate the possibility of diffraction of the incident

light, 375 or 654 nm light sources were placed in four

dispositions relative to the crystal, and the crystal em-

bedded in the mouse did not exhibit any emission (Sup-

porting Information Figure S12).

One of the main concerns for application of these

materials in practice is their potential biological toxicity.

Although this property is naturally specific to the partic-

ular compound used and could vary across different

organic crystals that could be used as optical wave-

guides, here we assessed the cytotoxicity of O, B, and

P toward cancerous HeLa cells by using the MTT method

(for details, see the Supporting Information). Crystals of

G could not be assessed due to their partial dissolution in

the tissue. As shown in Figure 5c, the cell viabilities after

24 h of incubation with O and P at various concentra-

tions, even at a very high concentration of 10 μM L−1, were

over 91% and 99%, respectively, demonstrating good

biocompatibility of O and P. Compound B showed good

biocompatibility for cells when its concentration was

lower than 2 μM L−1, however the relative cell viabilities

were 68% and 64% at concentrations of 5 and 10 μM L−1,

respectively.

Moreover, the in vivo toxicity of P was investigated by

histological examination of the major organs of a treated

mouse. After intravenous injection of P (100 μL/10 mg,

100 μM L−1 in 95% PBS and 5% DMSO) for 24 h, the major

organs, including brain, lung, heart, liver, kidney, and

spleen, were excised and stained with H&E. As displayed

in Figure 5d, no obvious abnormalities or inflammations

were observed in the tested organs, suggesting negligi-

ble in vivo toxicity of P. The above results confirmed that

these and possibly other flexible organic crystals, espe-

cially when they are composed of nontoxic molecules,29

can be used as biocompatible organic optical fibers for

biological applications.

To further assess the performance of the organic crys-

tals as optical waveguides for biomedical applications,

we performed extensive literature search and analysis of

refractive indices, OLC values, andmechanical properties

(Young’s moduli and elongation thresholds) reported

for organic crystals (for details, see the Supporting Infor-

mation Methods). These parameters were then com-

pared to those of the reported values for artificial

polymer waveguides or natural light-transmitting
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materials (Table 1). Direct comparison of OLCs proved to

be a challenging task, considering that it has been re-

cently demonstrated that the size can affect the optical

loss,30 and some organic crystals in the literature were

characterized at a micrometer-size, while the size of

others was on the order of centimeters. As shown in

Supporting Information Table S3, the OLCs of organic

crystals with lengths above millimeters are mostly in the

range of 0–1 mm−1, while those of micrometer lengths are

in the range of 1.0 and 457 mm−1. In general, organic

crystals possess mechanical and optical properties that

challenge the performances of their polymeric counter-

parts. Indeed, the soft mechanical properties of these

prototypical waveguides, comparable to polymers

employed in biophotonic devices (Table 1), turn them

into ideal candidates to overcome the mechanical mis-

match between themost widely used silica-based optical

fibers and biological tissues. Unlike silica and polymeric

materials, molecular single crystals possess superior

structural characteristics, and specifically long-range or-

der, tunable dimensionality (1D, 2D, and bulk 3D highly

ordered structures),31–33 and when they are of good qual-

ity, they are also devoid of grain boundaries and other

defects. Among the features that are favorable for wave-

guiding materials, they have low OLCs, high refractive

indices, broad emissive range that extends from UV to

the near-IR range,19,34 and the possibility for both active

and passive light transport in luminescent π-conjugated
systems.35 In addition to mechanical flexibility, which has

been studied by using standard techniques,36 certain

organic crystals are known to exhibit shape-memory

effect,37 self-healing,38 and even rapid ballistic processes

for disintegration—exotic properties that could be used

to disrupt optical or electronic circuits.39–43 More specific

advantages of molecular single crystals over the

silica-based waveguides are their capability of optical

filtering,19,44 light modulation,45 photomechanical re-

sponse,46 bio-based design,19,47,48 crack-repairing ability,44

logic gate operations,16,28 chiro-optical signaling,49,50 and

lasing.28,51

Conclusion
In summary, our research demonstrates the viability of

flexible organic crystals as effective and safe materials

for delivering light in biological tissues. These crystals

possess transparency, flexibility, and biocompatibility,

offering advantages over conventional waveguide mate-

rials. Their mechanical flexibility and low toxicity make

them well-suited for interfacing with soft tissues.

Through experiments in tissue and live animal models,

we have shown their ability to transmit both active and

passive light signals without or with tolerable toxicity.

Overall, organic crystals offer a promising platform for

the development of next-generation optical waveguides

and devices with enhanced functionality and biocompat-

ibility. Future studies may focus on optimizing the optical

and mechanical properties of organic crystals, as well as

on exploring their applications in specific biomedical

contexts to unlock their full potential in translational

medicine.

Table 1 | Mechanical and Optical Properties of Polymeric Biomaterials that Have Been Used for Biocompatible

Waveguides and the Respective Values for Organic Crystals

Material Refractive Index

Optical Loss

(dB cm−1) Young’s Modulus

Maximum

Elongation (%)

Organic crystals ∼1.652 0.4–4570 (cm−1)53,54 1–25 GPa55 2055–57

Silkworm silk 1.54–1.55 0.1–28 3.8–17 GPa 4–33.3

Spider silk 1.5–1.7 0.7–11 1–24 GPa 4–30

Agarose gels, alginate gels, and gelatins 1.34–1.54 0.3–13 30–80 kPa 700–2000

Cellulose 1.475 0.1 – 20–70

Chitosan 1.38–1.54 0.8–7.3 1.3 GPa 3

Poly(lactic acid), poly(L-lactide) acid,

and poly(D-lactide) acid

1.46–1.47 1.5 2.7–7 GPa 3–100 (nonelastic)

Polyglycolic acid 1.45–1.51 – 6.5 GPa 25 (nonelastic)

Poly(L-lactide-co-glycolic) acid (50/50) 1.47–1.61 – 0.7–7 GPa 7–20 (nonelastic)

Poly(octamethylene maleate citrate) and

poly(octamethylene citrate)

1.49–1.54 0.4 4.7–6.1 MPa 57–103

Poly(ethylene glycol) hydrogels 1.35–1.47 0.17–25 1–44 kPa 300–2000

Polyacrylamide hydrogels 1.46–1.50 1–11 20–27 MPa 13–74

Polydimethylsiloxane 1.41–1.47 0.5 0.57–3.7 MPa 95–140

Polyurethane 1.46 2 0.3 MPa 10

Cycloolefin copolymer 1.51 4 34 MPa 230
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Supporting Information
Supporting Information is available and includes Sup-

porting Information Figures S1–S12 and Tables S1–S3,
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