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The conversion of solar energy to chemical energy useful for maintaining cellular function in

photosynthetic algae and cyanobacteria relies critically on light delivery to the microorganisms.

Conventional direct irradiation of a bulk suspension leads to non-uniform light distribution

within a strongly absorbing culture, and related inefficiencies. The study of small colonies of cells

in controlled microenvironments would benefit from control over wavelength, intensity, and

location of light energy on the scale of the microorganism. Here we demonstrate that the

evanescent light field, confined near the surface of a waveguide, can be used to direct light into

cyanobacteria and successfully drive photosynthesis. The method is enabled by the synergy

between the penetration depth of the evanescent field and the size of the photosynthetic

bacterium, both on the order of micrometres. Wild type Synechococcus elongatus (ATCC 33912)

cells are exposed to evanescent light generated through total internal reflection of red

(l = 633 nm) light on a prism surface. Growth onset is consistently observed at intensity levels of

79 � 10 W m�2, as measured 1 mm from the surface, and 60 � 8 W m�2 as measured by a 5 mm

depthwise average. These threshold values agree well with control experiments and literature

values based on direct irradiation with daylight. In contrast, negligible growth is observed with

evanescent light penetration depths less than the minor dimension of the rod-like bacterium

(achieved at larger light incident angles). Collectively these results indicate that evanescent light

waves can be used to tailor and direct light into cyanobacteria, driving photosynthesis.

1. Introduction

Since prehistoric times, photosynthetic microorganisms have

played an essential role in the carbon cycle and as the primary

mechanism for solar energy capture1 in the biosphere. In

modern times, their demonstrated performance has resulted

in significant interest from industry and research for the

potential uses of photosynthetic microorganisms in such diverse

areas as bioremediation,2 pharmaceuticals,3 human health,4

and biofuel production.5–7 Furthermore, the photosynthetic

machinery of these organisms has provided clues leading to the

development of improved photoelectrochemical conversion and

energy capture devices.8 These photosynthetic microorganisms,

which include a variety of bacteria species and green algae,

have varied nutritional requirements but all rely on absorption

of light to fuel their metabolic processes. Illuminating cells in

confined environments, at high density, and with the control

required by precise laboratory studies can present challenges,

particularly when scales approach those of the organisms

themselves.

Current methods of delivering light energy to micro-

organisms vary depending on scale, but generally rely on bulk

illumination of suspended cultures.5 Large scale production

photobioreactors rely on direct solar illumination in either

racetrack style, open air ponds9 or fully enclosed transparent

structures10,11 to provide the necessary energy for photo-

synthesis. Solar radiation may be complimented or replaced

by artificial light sources, particularly in research laboratory

applications, in order to achieve more controlled lighting

conditions.12–14 Improved spatial dilution of light within the

culture volume has been achieved through the addition of

light-guiding elements15–18 that help scatter light into darker

regions of high density cultures. Microfluidic systems have

also been identified as attractive platforms on which to study

cell cultures on the cellular scale and offer advantages over

larger scale devices when it comes to studying the growth
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dynamics and behaviour of the organisms.19–23 All large and

small scale cultivation systems developed to date, however,

rely on radiant bulk illumination. An illumination strategy

that confines and delivers light on the scale of the microorganism

would enable improved control and quantification.

In this paper we demonstrate the excitation of photosynthetic

cyanobacteria using the evanescent light field confined to the

surface of a waveguide. The method we describe is enabled by

the synergy between the fundamental penetration depth of the

evanescent field and the size of the photosynthetic micro-

organism, both on the order of micrometres. Evanescent coupling

is demonstrated using a circular cross-section laser beam

incident on the surface of a prism at an angle greater than

critical such that the beam undergoes total internal reflection.

This setup generates an elliptical evanescent field profile on

the prism surface. The resulting field decays exponentially into

the medium and is confined only to a narrow region above the

prism. Synechococcus elongatus (ATCC 33912) is shown to

grow preferentially in this field in a manner that is related to

optimal radiant light levels for these bacteria. This work

provides an alternative to current practices of delivering

radiant light to cultures of photosynthetic bacteria by providing

a means to confine and control the delivery of energy on the

cellular scale.

2. Method and materials

2.1 Bacteria cultures

In all experiments, cells of the wild type S. elongatus (ATCC 33912)

cyanobacteria were used. Culture growth rate is strongly

dependent on fluid temperature and irradiation intensity.24

Cells were cultured under optimal conditions of 32–36 1C and

under continuous irradiation of 50–75 mE m�2 s�1 using

fluorescent lamps, as described previously.24–26 The stock

culture was kept at a constant cell density (in the exponential

growth phase), by regularly diluting the culture with fresh

BG11 cyanobacteria growth medium (Sigma Aldrich C3061)

to maintain a constant optical density of 0.2 at 750 nm (OD750).

The OD750 was determined using a broad spectrum halogen

light source (Thorlabs OSL1) and a spectrometer (Edmond

brc112e) and normalized to the OD750 of fresh BG11 growth

media. Samples of this culture were used for all experiments.

2.2 Experimental apparatus

Cavities to contain the bacteria culture solution were fabricated

bymoulding PDMS (Sylgard(R) 184 ElastomerKit, DowCorning)

around a poly(methylmethacrylate) (PMMA) master to create

cylindrical cavities 10 mm in diameter and 5 mm deep (0.4 mL).

These culture cavities were bonded to the surface of 1 mm thick

BK7 glass microscope slide using oxygen plasma treatment.27

Once mounted to the glass plates and inoculated (dead end

filling via syringe injection), the cultures were placed on the top

faces of right angle BK7 prisms (Thorlabs PS908L-A), as

shown in Fig. 1, and the cells were allowed to settle onto the

surface of the glass slide. Optical contact was achieved using

an index matched immersion oil (Leica 11513 859). Light was

coupled to the chamber from a helium neon laser (633 nm

Thorlabs HRR020) directed toward the prism by reflecting it

off a broadband dielectric mirror (Thorlabs CM1-4E) mounted

to a precision rotation mount (Thorlabs CRM1P). The

incident angle at the glass media interface was adjusted by

changing the angle of the mirror in the rotation mount. The

prism/culture assembly was mounted to a sliding stage, which

allowed the laser beam to be maintained in the centre of the

culture chamber as the angle of incidence was varied. The

prism assembly was aligned such that the reflection of the

beam leaving the prism did not pass through the culture. This

ensured that optical excitation of the bacteria was solely due to

the evanescent field where the beam was totally internally

reflected at the glass–bacteria culture interface.

Laser beam power into and out of the prism was measured

using a photodiode power sensor (Thorlabs S120C) and

measured once at the beginning of the experiment and once

at the end. The entire experimental apparatus was optically

isolated in enclosures made from 5 mm thick hardboard

(Thorlabs TB4). These chambers were kept at a constant

temperature of 32–36 1C for optimal cell growth rates for

the duration of the evanescent growth experiments using a

950 W enclosure fan heater (CR030599, OMEGA Engineering

Inc., USA).

2.3 Measurement of growth rings

Growth patterns were imaged using standard bright field micro-

scopy techniques. Images were collected using an SLR camera

(Nikon D60) fitted to an upright microscope (Leica DMLM/P).

Fig. 1 Exciting photosynthetic bacteria with the evanescent light

field. (A) Schematic showing evanescent coupling of a photosynthetic

bacterium on the surface of a waveguide. The characteristic decay of

the red light intensity, as plotted at right, is on the order of the cell size.

(B) Experimental setup to generate the evanescent wave at the surface

of the glass slide. The input beam is Gaussian and the evanescent field

resulting from total internal reflection is elliptical in shape, as shown.
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The images were captured at 5� magnification using identical

camera settings (exposure, colour parameters, etc.). Multiple

images were required to capture the full spatial extent of the

growth rings at this magnification. The individual images were

then compiled in an automated fashion to create a composite

image of each growth ring. The composites were then processed

in Matlab employing colour thresholding to identify pixels with

Green/Red and Green/Blue ratios larger than 1. A normalized

histogram was created for pixels that satisfied these criteria,

based on their radial distance from the centre of the beam

profile (the elliptical profiles were converted to circular profiles

using the experimental angles and Snell’s law).

3. Results and discussion

The evanescent excitation approach is shown in Fig. 1A.

A bacterium on the surface of the waveguide receives light

from the evanescent light field which decays rapidly with

distance from the surface. The prism-based experimental setup

used to generate the evanescent field is shown in Fig. 1B. The

evanescent field develops at the interface between the liquid

and the glass where the light is totally internally reflected.28,29

Total internal reflection and the corresponding evanescent

field result when light is incident at the glass–media interface

at angles greater than the critical angle, yi2 > yC. Reflecting a

circular cross-section input beam develops an elliptical evanescent

field at the point of reflection, as shown. While there are many

ways to generate an evanescent field, this approach is simple and

importantly provides an evanescent light field distribution that can

be reliably described with theory in all three dimensions.

Cell cultures were first placed under direct laser light exposure,

to establish the effectiveness of using monochromatic red (l=

633 nm) at growing S. elongatus, and measure cell response to

direct radiation light. The beam from a Helium–Neon (HeNe)

laser was passed through a culture cavity perpendicular to the

bottom glass slide and the culture was left to grow for 72 hours

(under conditions described in the Method and materials

section). This type of direct irradiation experiment was done

for various laser powers, yielding consistent results to those

shown in Fig. 2. Fig. 2A shows a typical growth ring pattern,

where the effect on growth from the three distinct intensity

regions is evident. There is a bleached (yellowish orange)

region in the centre, a growth region (green) and a negligible-

growth outer region. To quantify growth in a radial profile,

the image was filtered for green intensity and integrated in

circumference (details in Method and materials). The resulting

radial growth profile is plotted with the laser intensity profile in

Fig. 2B. The threshold electric field intensities (low and high)

between regions were determined from the intersection of the

full width at half maximum (FWHM) growth locations and the

incident light power profile. The resulting threshold values of

66 W m�2 and 12 W m�2 (shown in Fig. 2B by the rectangle

within the growth peak) indicate the productive growth intensities

of S. elongatus under direct irradiation at l = 633 nm.

Relating these direct irradiation experiment results to

known growth characteristics of S. elongatus requires estimating

the daylight equivalent power of red light at l = 633 nm. To

do so, we compared radiometric measurements of daylight to

optimal intensity ranges published in the literature. At high light

intensities, the rate of radiation induced damage to the cell’s

photosystems exceeds the cell’s ability to repair itself and

the result is a sharp decrease in photosynthetic activity, or

photoinhibition.31 Photoinhibition can further lead to excessive

destruction of light absorbing pigments, primarily chlorophyll

a within the cell’s photocenters, in a process known as

photobleaching.32 High light conditions that approach

saturating intensities are reported as a Photosynthetic Photon

Flux Density (PPFD) on the order of 150 mE m�2 s�1 to

500 mE m�2 s�1 in the Photosynthetically Active Radiation

(PAR) wavelength range (400–700 nm), or 10–25% of full

daylight.31,33–35 To convert the photosynthetic photon flux

density to radiometric units (i.e. W m�2), the optical power of

full daylight was measured at 635 nm to be 1.37 W m�2

(4812504300N 12312105600W). The spectral power distribution

of normal daylight was then calculated from this set point

and the relative spectral power distribution defined by CIE

Standard Illuminant D65,30 as shown in Fig. 3. Total full

Fig. 2 Growing photosynthetic bacteria using direct irradiation.

(A) Image of cyanobacteria growth pattern resulting from direct

irradiation, showing distinct regions of photobleaching (centre),

growth, surrounded by negligible growth. (B) Plot correlating radial

growth intensity to laser light intensity. Outlying peaks beyond 1.2 mm

are artefacts of the imaging setup and do not correspond to growth.

FWHM thresholds on the growth region correspond to radiant light

intensities of 66 W m�2 and 12 W m�2, shown as upper and lower

bounds, respectively.
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daylight irradiance of photosynthetically active radiation

was calculated to be 472 W m�2, which corresponds to a

photosynthetic photon flux density of 2137 mE m�2 s�1.

This value was independently confirmed by a QSR-2100

(Biospherical Instruments Inc.) light meter measurement of

2100–2300 mE m�2 s�1. Also shown in Fig. 3 is the absorption

spectrum for the cell cultures used for these experiments.

Absorption peaks at l = 435 nm, l = 625 nm, and l =

677 nm are typical for S. elongatus36 and represent absorption

by the light harvesting pigments Chl a (l = 435 nm and l =

677 nm) and the phycobilisomes of the photosystem II antenna

structures—primarily phycocyanin (625 nm).36

Under normal daylight conditions, the effective photon flux

seen by S. elongatus given its varied absorption ability for

different wavelengths of light is 1044 mE m�2 s�1 of photo-

synthetically active radiation (400 nm o l o 700 nm). This is

determined by weighing the spectral power distribution for

daylight by the normalized absorption spectrum of the cell

culture and integrating across the photosynthetically active

region. It should be noted that this value represents a best case

maximum for absorbed photosynthetic energy and assumes

that all energy absorbed by the bacteria is funnelled into the

photosynthetic infrastructure of the cell. To determine a

corresponding irradiance for monochromatic light at l =

633 nm that would simulate these daylight conditions, this

broad-spectrum photon flux is multiplied by the energy con-

tained in 1 mE of photons with l = 633 nm (i.e. 0.189 J mE�1

determined from the Planck–Einstein equation) and divided

by the normalized absorption of the cell culture at 633 nm

(i.e. 0.65). This results in an irradiance of 301 W m�2 of l =

633 nm light that is required to simulate the photosynthetic

photon flux of normal daylight. Since the threshold for the

onset of photobleaching measured in the direct irradiation

experiments was 66 W m�2, it can be inferred that B22% of

full daylight is the upper limit for our cultures before severe

photobleaching occurs. This value agrees well with the upper

bounds of what are considered high-light conditions in the

literature.31,33–35 Two key assumptions made here are that (1)

photons of all energies within the photosynthetically active

region have an equal potential to contribute to photobleaching

and (2) the absorption of light by the cell is primarily due to

pigments associated with light harvesting and energy transfer

to the photosynthetic reaction centers. Given that the quantum

efficiency of photosynthesis is known to be high37 and that the

daylight equivalent power for red light calculated here agrees

generally with the onset of photobleaching both under red

light conditions determined experimentally in this study and

those under daylight conditions published in the literature,31,33–35

these assumptions are considered justified for an order of

magnitude estimate.

The light intensity distribution in an evanescent light field

varies both in the plane of the surface and depthwise into the

media. Established theory was applied to describe the evanescent

electric field intensity and used to correlate field strength to

experimental growth results (model details in ESIw). Fig. 4A

shows the penetration depth of the evanescent light field as a

function of incident angle. Here, the penetration depth is

quantified as the location where the field intensity drops e�2,

or 87%, of the peak intensity at the surface. The geometry of

S. elongatus is shown in the inset of Fig. 4A for reference, and

Fig. 3 Spectral power distribution of daylight30 and normalised absorp-

tion spectrum of S. elongatus culture. The photoinhibition threshold at

l = 633 nm measured from experiments in Fig. 2 (66 W m�2) correlates

to established photoinhibition intensities of white light exposure, when

related through the absorption spectrum shown.

Fig. 4 Theoretical light intensity distribution in the evanescent light

field, and corresponding predicted growth patterns. (A) Plot of the

penetration depth as a function of incident laser angle for a glass–

media interface. Penetration depth is defined as the location where

field intensity drops e�2, or 87%, from that at the surface. The dashed

line indicates a penetration depth of 1 mmoccurring at yi2= yC+0.0741,

and the geometry of S. elongatus is shown in the inset for reference.

(B) Surface plot of evanescent field, 1 mm from the surface, with power

intensity plotted to indicate the photoinhibited, growth, and negligible-

growth regions, based on thresholds measured for radiant light. Based

on these values an elliptical ring pattern of growth is predicted, as

shown by the useful portion of the power spectrum shown in green

shading (region 2). The vertical line plot indicates the useful light

intensity decay with distance.
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the dashed line indicates a penetration depth of 1 mm which

occurs at an angle of incidence of yi2 = yC + 0.0741. As

shown, the penetration depth of the evanescent field is a strong

function of incident angle, with values corresponding to the

inherent lengthscale of the bacterium occurring only near the

critical angle (below 0.51 past critical). Because of this narrow

envelope, only cells settling onto the surface will be within the

range of the evanescent field. While the extent of the evanescent

field and the size of the bacterium are well established (as shown

together in Fig. 4), the method does not enable resolution on

the scale of individual thylakoid membranes to determine the

interaction between the evanescent field and specific photo-

centers within the cell. Growth of cells is instead attributed to

excitation of photocenters assumed to be distributed around

Fig. 5 Growing photosynthetic bacteria using evanescent light. (A–C) Images of cyanobacteria growth patterns resulting from evanescent

excitation at the glass–media interface for incident light powers of 1 mW, 0.5 mW, and 0.25 mW, respectively. The elliptical growth patterns

correspond to the evanescent field geometry, and show distinct regions of photobleaching (centre), and growth, surrounded by negligible growth.

(D–F) Corresponding growth profiles for each light power with the corresponding evanescent field intensities plotted at the surface, 1 mm above the

surface, and as a 5 mm average. The power range determined from the direct radiation experiments (Fig. 2) is shown by the red band for reference.

The full-width at half maximum indicating growth onset is observed at 1 mm intensity levels of 79 � 10 W m�2, and observed at 60 � 8 W m�2 for

the 5 mm average light intensity. These values bracket the 66 W m�2 threshold determined for radiant light at this wavelength.
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the cell where the average evanescent intensity across the cell

dimension falls within the range of acceptable intensities.

Fig. 4B shows the predicted evanescent field intensity in the

plane, and the characteristic oval shape for an incident 0.5 mm

diameter Gaussian beam at l = 633 nm. The intensity values

indicated correspond to the evanescent light intensity at 1 mm

from the glass–media interface, with an incident angle of 621

(yi2 = yC +0.51) and a penetration depth of 400 nm. Based on

the above-determined threshold light intensity for the red light

employed here (66 W m�2, at 633 nm), the expected growth

regions can be predicted based on the calculated evanescent

field intensity. As shown in Fig. 4B, in region 1 the evanescent

field intensity exceeds this threshold and would be expected to

lead to photoinhibition in a radiant light system. This analysis

would predict an elliptical ring pattern of growth, as shown by

the useful portion of the power spectrum shown in green

shading (region 2). The vertical line plot indicates the useful

light intensity decay with distance. Relatively intense growth is

expected near the inside boundary where useful light intensities

are high, and growth rates would decay with the light intensity

outward. Although the sharpness of the inside edge of the

growth profile is an artefact of the threshold boundary condi-

tions, the model provides the predicted pattern of growth for a

photosynthetic microorganism cultured in this evanescent field.

Evanescent light based excitation of the culture was per-

formed using the experimental setup shown in Fig. 1B. Three

laser powers were employed (1 mW, 0.5 mW, 0.25 mW) with

incident laser angles of 621 (yi2 = yC + 0.51), and total

internal reflection was ensured by measuring the output

intensity. Each experiment was performed in triplicate and

the cultures were exposed to the evanescent field for 72 hours.

Fig. 5A–C show substantial bacteria growth in response to

the evanescent light field at the surface of the glass–media

interface. The growth patterns showed the elliptical shape

mirroring the evanescent light field intensity, and delineate

the three characteristic regions (photoinhibition, growth,

negligible-growth), providing data on the onset of growth

under evanescent light. As the laser power was reduced

(Fig. 5A–C) the radial distribution moved inward, consistent

with the change in the light intensity profile. To relate the

observed growth to the evanescent field intensity, the images

were filtered for green intensity, scaled along the axis of the

beam, and integrated to provide growth profiles. Fig. 5D–F

shows the growth profiles for each light power with the

corresponding evanescent field intensities plotted at the surface,

1 mm above the surface, and as a 5 mm average. Due to rapidly

decaying nature of the evanescent field, the surface intensity is

much higher than that at 1 mm above the surface, which is also

similar to the average intensity over the first 5 mm (both 1 mm

and 5 mm are relevant lengthscales of this rod-shaped bacteria).

The power range determined from the direct radiation experi-

ments is shown by the red band for reference. The onset of

growth occurs at a radial location where the evanescent light

intensity—as measured at 1 mm and as a 5 mm average—drops

to a value corresponding to the threshold of 66Wm�2, established

from direct radiation experiments. As the total intensity of

light is decreased (Fig. 5A–F) the location of the onset

intensity moves inward, and remains consistent with the

predicted power curves. Specifically, the full-width at half

maximum indicating growth onset is observed at 1 mm intensity

levels of 79� 10Wm�2, and observed at 60� 8 Wm�2 for the

5 mm average light intensity. Importantly, these results both

demonstrate growth of photosynthetic bacteria using evanescent

light, and provide metrics for their successful cultivation

within this unique light field.

The growth patterns shown in Fig. 5, and additional

experiments (Fig. S2, ESIw), show some downbeam bias, that

is, growth intensity increases with distance from the laser

source. When the cells interact with the evanescent field near

the surface, some of the light is absorbed and utilized, while

some of the light is scattered. The light will be scattered

preferentially in the direction of the beam.29 With the present

experimental setup, this scattered light would contribute to

higher growth rates, and thicker biofilms, on the downbeam

side of the ring pattern. This effect was noticed in most cases

with downbeam growth biases of 1%, 8% and 15% for the

0.25 mW, 0.50 mW, 1.0 mW cases plotted in Fig. 5. Although

the extent of this bias varied between trials, and some trials

showed negligible, and even a small upbeam bias (details in

Fig. S3, ESIw), the effect was in general small and in all cases

less than 15%. While it is likely that downbeam bias and

secondary scattering effects influence growth, the relative

symmetry of the growth patterns indicates that the downbeam

scattering effect is minor.

The additional effect of light penetration depth was

investigated using incident light at larger angles past critical

(yC o yi2 o yC + 51). At angles greater than 0.51 over critical

(as plotted in Fig. 5), however, only faint growth rings were

observed. We attribute the lack of growth at larger angles to

the change in penetration depth which diminishes rapidly with

increasing incident angle, as shown in Fig. 4A. Specifically, the

penetration depth corresponds to the minor-dimension of the

rod-shaped bacterium (1 mm) only at angles less than yC+0.0741.

These results are thus consistent with the observed evanescent

growth patterns in that the penetration depth approached the cell

diameter only at small angles away from critical.

4. Conclusion

We have demonstrated that evanescent fields can be utilised to

grow photosynthetic bacteria. Cultures of S. elongatus were

exposed to direct laser illumination (l = 633 nm) and grew

optimally with light intensities that ranged from 12 to 66 Wm�2.

When excited with an evanescent field, this optimal growth

band occurred between surface intensities of 30–650 W m�2.

This difference was attributed to the exponential decay of

evanescent fields into the culture media, and at heights of

1–5 mm from the surface, approximately the width of an

individual cell, the intensity falls within the 3–60 W m�2 ideal.

This narrowly confined region for growth enables targeted

light delivery to individual bacteria by tapping energy from the

evanescent field. This work provides an alternative to current

practices of delivering radiant light to cultures of photo-

synthetic bacteria. While direct illumination of a thin biofilm

of cells may also be a viable approach to achieve controlled

illumination, it presents no significant advantage over direct

illumination of a bulk culture. In contrast the confinement

inherent to the evanescent approach enables select illumination
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of surface cells and improved control, particularly in regards

to the spatial distribution of light. Furthermore, the cell-scale

limited extent of the light field provides a tool to probe

microorganism response which is not possible with direct

illumination of thin microbial biofilms and provides a plat-

form for improved understanding of photosynthetic processes

in microorganisms.
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