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The simultaneous elimination of organic waste and the production of clean fuels will have an immense

impact on both the society and the industrial manufacturing sector. The enhanced understanding of the

interface between nanoparticles and photo-responsive bacteria will further advance the knowledge of

their interactions with biological systems. Although literature shows the production of gases by

photobacteria, herein, we demonstrated the integration of photonics, biology, and nanostructured

plasmonic materials for hydrogen production with a lower greenhouse CO2 gas content at quantified

light energy intensity and wavelength. Phototrophic purple non-sulfur bacteria were able to generate

hydrogen as a byproduct of nitrogen fixation using the energy absorbed from visible and near-IR (NIR)

light. This type of biological hydrogen production has suffered from low efficiency of converting light

energy into hydrogen in part due to light sources that do not exploit the organisms' capacity for NIR

absorption. We used NIR light sources and optically resonant gold–silica core–shell nanoparticles to

increase the light utilization of the bacteria to convert waste organic acids such as acetic and maleic

acids to hydrogen. The batch growth studies for the small cultures (40 mL) of Rhodopseudomonas

palustris demonstrated >2.5-fold increase in hydrogen production when grown under an NIR source

(167 � 18 mmol H2) compared to that for a broad-band light source (60 � 6 mmol H2) at equal light

intensity (130 W m�2). The addition of the mPEG-coated optically resonant gold–silica core–shell

nanoparticles in the solution further improved the hydrogen production from 167 � 18 to 398 � 108

mmol H2 at 130 W m�2. The average hydrogen production rate with the nanoparticles was 127 � 35 mmol

L�1 h�1 at 130 W m�2.

Introduction

The signicant decarbonization of the global energy economy

may require the conversion of waste to valuable fuels and other

natural resources to meet energy demands at distant times and

places. Additionally, the challenge of distributing clean energy

may enable the development of on-site energy production from

clean sources for remote energy needs. Hydrogen is appealing

as it is the most energy dense carrier (122 kJ g�1), and it has no

carbon emissions at the point of use.1,2 As a result, intensive

research has been conducted on non-biological,

semiconductor-based photocatalytic hydrogen production.3–5

To mitigate the environmental as well as the economic

concerns, ideally, hydrogen must be produced under mild

operating conditions from sustainable and renewable resources

such as organic waste from food and agricultural sources. It is

well reported in the literature that volatile fatty acids (VFAs)

such as acetic acid can be easily produced by the anaerobic

digestion of municipal sludge, food waste, etc.6–9 These can be

converted to molecular hydrogen and carbon dioxide by pho-

tofermentation, a biological process in which photosynthetic

bacteria metabolize organic acids. Photofermentation is typical

for photosynthetic bacteria such as purple non-sulfur bacteria

(PNSB), which produce nitrogenase, the key enzyme for

hydrogen generation, under nitrogen-limited conditions.10 The

coupling of dark and photofermentative pathways, either by

sequencing dark and light cultures or coculturing different

types of organisms, is frequently proposed as a way to expand

the range of feedstocks available for hydrogen production.11,12

Rhodopseudomonas palustris (R. palustris) is a purple non-

sulfur bacterium widely studied for hydrogen production due

to its metabolic diversity and ability to undergo phototrophic or

chemotrophic growth using organic or inorganic carbon
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sources.13 Compared to green algae, which grow photoautotro-

phically and may produce hydrogen as a result of water split-

ting,11 PNSB studied for hydrogen production are typically

grown in a photoheterotrophic mode, utilizing organic carbon

as a source of electrons. PNSB are capable of sustaining growth

using VFAs,13 carbohydrates14 and lignin monomers15 as carbon

sources.

The production of hydrogen in PNSB is normally a side

reaction of nitrogen xation. Under nitrogen-limited condi-

tions, the nitrogenase enzyme reduces N2 to NH3 according to

reaction (1). In the absence of N2, nitrogenase acts only to

produce H2 (reaction (2) and Fig. 1b).16 The typical rates of

hydrogen production for R. palustris range from 10 to 40 mL H2

per L culture per hour and vary due to the differences in the

growth media, illumination and reactor geometry. This process

is energy-intensive and highly regulated; aerobic conditions or

excess NH3 can result in the downregulation of nitrogenase

activity and reduced hydrogen production.

N2 + 8H+ + 8e� + 16ATP / 2NH3 + H2 + 16ADP (1)

8H+ + 8e� + 16ATP / 4H2 + 16ADP (2)

The energy driving this process is supplied by the light-

harvesting complexes on the bacterial membrane. Light is

absorbed by bacteriochlorophylls present in PNSB and they

absorb light in both visible and near-infrared (NIR) regions,

with peak absorbance for R. palustris around 590, 800, and

850 nm (Fig. 2b). Previously, various illumination strategies

have been used to increase hydrogen production. Flat plate

reactors can be used to maintain high illumination intensity

throughout the culture;17 also, single-wavelength LEDs have

been selected to match the bacteriochlorophyll absorption. The

LEDs chosen to match the visible absorption around 590 nm

have shown signicant improvements in the biomass and

hydrogen production compared to the LEDs at 470 or 630 nm,

which do not match the bacteriochlorophyll absorption.18

There has also been interest in targeting the absorption of

longer wavelength light by bacteriochlorophyll absorption

peaks above 800 nm. Hydrogen production by the cultures of

Rhodobacter sphaeroides, another PNSB, decreased by 43%when

light above 760 nm was ltered from a tungsten lamp compared

to only 7% decrease when light below 630 nm was ltered.19

Another group compared commonly used tungsten lamps to an

NIR LED array without matching intensity and found that the

NIR illumination led to increased bacterial growth and initial

hydrogen production but resulted in similar total hydrogen

generation.20 Turon et al. compared hydrogen production rates

from a different species, Rhodobacter capsulatus, using different

light sources and found that visible + NIR performed better than

Fig. 1 Experimental scheme and reaction pathway. (a) NIR illumination was used as a light source for growing PNSB (R. palustris). The silica–gold

core–shell plasmonic nanoparticles further enhanced the biohydrogen production in solution through light scattering and surface plasmon

effects. (b) Overview of themetabolic process of R. palustris under photoheterotrophic nitrogen fixing conditions. Abbreviations: LH1, LH2¼ light

harvesting complexes; RC¼ reaction center; Fd¼ ferredoxin (oxidized, reduced); adapted from (13). (c) 3D drawing of bacteria and nanoparticles

in suspension with evolved CO2 and H2 in the headspace.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 41218–41227 | 41219

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

3
 D

ec
em

b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:3
5
:0

6
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9RA08747H


NIR illumination alone.21 Again, the intensity of the light

sources did not match, which made the direct comparison of

the light-to-hydrogen conversion efficiency difficult. Finally, we

are unaware of prior studies that have compared hydrogen

generation from the species considered here, namely, R. pal-

ustris under visible versus NIR illumination.

Another method of increasing light utilization that has not

yet been explored is the exploitation of the photonic properties

of plasmonic nanoparticles to increase light absorption in

phototrophic bacteria (Fig. 1a). Plasmonic nanoparticles,

particularly gold and silver, exhibiting localized surface plas-

mon resonance (LSPR) have been widely studied for their use in

biosensing, cellular imaging, cancer therapy,22 and solar-cell

enhancement.23,24 LSPR represents the collective oscillations

of free electrons driven by photons at resonant wavelengths

larger than the size of the particle. These localized plasmon

oscillations enhance the electric near-eld around the particle,

and they strongly depend on the particle's material and the

surrounding media.25 Plasmonic nanoparticles also oen

exhibit absorption and scattering cross-sections signicantly

greater than their cross-sectional areas. Absorption tends to

prevail in smaller nanoparticles, whereas scattering dominates

in larger nanoparticles.26

We hypothesized that narrow-band NIR illumination with

appropriate intensity will allow a higher bacterial growth rate

and higher hydrogen production from R. palustris than broad-

band illumination of the same intensity. In contrast to previous

studies, we quantied the relative hydrogen generation from R.

palustris rather than R. sphaeroides or R. capsulatus under

broadband (visible and NIR) versus narrow-band NIR illumina-

tion. Also, unlike prior works, we matched the intensities of the

broadband and NIR light sources to remove any intensity-

dependent effects and more directly compare the light-to-

hydrogen conversion efficiency. In addition, we expect that

the novel approach of adding nanoparticles with LSPRs

matched to the NIR source and the bacteriochlorophyll

absorption peaks will further enhance hydrogen production

through light scattering and/or near-eld enhancement. Here,

we showed that NIR illumination did, in fact, enhance hydrogen

production over broadband illumination when the intensities

were matched and that core–shell nanoparticles with LSPRs

tuned to the NIR bacteriochlorophyll absorption peaks

enhanced hydrogen production even further.

Results & discussion
Impact of the light source on bacteria culturing and H2

production

Hydrogen production from PNSB predominantly occurs during

illuminated growth under anaerobic, nitrogen-xing condi-

tions. As seen in Fig. 2a, the dark anaerobic growth in the

dened media using acetate as a carbon source only reached

a maximum culture concentration of 0.27 g dry cell mass (DCM)

per L compared to that for the cultures illuminated with 20 W

m�2 white LED. Because this medium was not rich in the

nutrients necessary to sustain chemoheterotrophic growth, the

bacteria required energy from light to grow. Growth using

different media types including complex media having soy

broth or yeast extract is shown in ESI Fig. 1.† The illuminated

cultures also developed red pigmentation associated with pho-

tocenters for light absorption. The bacteriochlorophyll absorp-

tion (B800, B850) shown in Fig. 2b is a result of the light-

harvesting complexes on the bacterial membrane.13

Fig. 2 Cell growth and extinction spectra under illuminated and dark conditions. (a) Anaerobic growth of R. palustris in 20 mL minimal media at

30 �C using 70 mM acetate as a carbon source and white LED (20 Wm�2) for samples grown in light. Samples grown in dark were covered in an

aluminum foil. (b) Sample extinction spectrum for R. palustris grown anaerobically under dark and light conditions after 90 hours. Only the

samples grown in light conditions exhibited bacteriochlorophyll absorption peaks near 800 and 850 nm. Bacteriochlorophyll (*) ¼ B800 (**) ¼

B850, B875.
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We were interested in determining if the illumination of an

NIR source alone results in increased hydrogen production for R.

palustris. We expected that shiing the illumination intensity to

the NIR photoactive region would result in increased metabolic

activity. To determine the effect of shiing the wavelength of

illumination, parallel batch cultures were grown using two

different light sources: a broad tungsten source and an NIR LED

array centered around 850 nm, as shown in Fig. 3a, which

showed hydrogen production of 60 � 6 mmol with broadband

light and 167 � 18 mmol with NIR LED. Over the rst 90 hours,

including the lag and exponential growth phases, the average

hydrogen production rate with NIR illumination was 62� 7 mmol

L�1 h�1 (89 � 18 mmol (g bacteria)�1 h�1). The spectral overlap

between the broadband and NIR LED light sources with the

bacteriochlorophylls is shown in Fig. 3b and c. The variance in

the intensities of these light sources can be found in ESI Fig. 3.†

The cultures illuminated with NIR LEDs produced almost 3 times

more hydrogen than those illuminated with a broad light source.

This was expected at light intensities below the saturation limit,

where shiing illumination to preferentially absorbed spectral

regions would increase the available energy and reductive

potential within the bacteria and increase the metabolic activity.

The increased metabolic activity also resulted in an increase in

the cell density, with the cultures illuminated with NIR LEDs

reaching a nal cell concentration 1.5 times higher than that for

the cultures illuminated with a broadband light source.

Fig. 3 Enhancement of hydrogen production under near IR illumination. (a) Batch growth in 40 mL PTFE/silicone septa vials illuminated with an

NIR LED array (850 nm) or a tungsten lamp (peak 660 nm, broadband) for 90 hours at an intensity of 130Wm2; n¼ 4 vials per illumination source.

All vials were incubated at 30 �C and shaken at 100 rpm in an orbital shaker. The cultures illuminatedwith the NIR LED array showed increased cell

growth and hydrogen generation compared to the cultures illuminated with a broad wavelength lamp. (b) Extinction spectra for cultures grown

(a) under two light sources. (c) Light intensity spectra for the two light sources used in (a). (d) R. palustris cultured in a 300 mL reactor under

a broad light source (tungsten lamp), then switched to illumination using an 850 nm LED array for 2 days, and switched back to the broad light

source. The illumination intensity for both sourceswas adjusted to the range of 82–91Wm�2, and the culture wasmaintained at 22 �C. Hydrogen

production represents the headspace collection over 24 h; n ¼ 3 headspace measurements (e) membrane reactor (300 mL) with the R. palustris

culture. Error bars represent standard deviations.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 41218–41227 | 41221
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To further establish the efficacy of targeted illumination for

increasing hydrogen production in PNSB, we compared the

effect of switching light sources on a single pre-grown 0.3 liter

culture, as shown in Fig. 3e. Fig. 3d shows the results of pre-

growing a culture of R. palustris under broad illumination,

switching to NIR LEDs of matched intensity, and switching back

to broad illumination. Each measurement of hydrogen repre-

sents 3 samples from the headspace of one reactor aer gas

collection for 24 hours. The culture density increased by 40%

over the entire measurement period, but the hydrogen

production was around 3.5–5� higher under NIR LED illumi-

nation. These increased values are comparable to those in

Fig. 3a despite the increased culture size. This showed that the

increase in the hydrogen production efficiency under NIR LEDs

was not solely due to an increase in the culture density.

Comparisons between illumination sources using other

PNSB species had varying results. Kawagoshi et al. using

a 200 mL culture of Rhodobacter sphaeroides found that illumi-

nation with NIR LED resulted in a higher initial growth rate and

hydrogen production rate compared to that for a tungsten bulb

(about 2� more hydrogen production from the NIR LED aer

the rst 100 hours).20 This resulted in about 2� more hydrogen

production for the NIR illuminated culture aer the rst 100

hours but only 1.3� increase in the cumulative hydrogen

production over the entire course of the experiment. The

intensity of the tungsten source was estimated to be about four

times that of the NIR source for these studies. In contrast, our

studies with matched intensities still showed a signicant

enhancement in the hydrogen production aer 8 days.

Our results also contrasted with those presented by Turon

et al., who found that NIR illumination only resulted in around

half of the total hydrogen production of a 1 L culture of Rho-

dobacter capsulatus compared to that for incandescent (300–

1100 nm) illumination. They attributed the drop in perfor-

mance to self-shading effects; the NIR light was preferentially

absorbed at the illuminated surface of the container, leaving

deeper parts of the culture under-illuminated and decreasing

the total hydrogen production.21 In contrast, our experiments

used a smaller culture size, i.e., 30 mL compared to 1 L and

lower intensity illumination, i.e., 130 W m�2 compared to

1150 Wm�2. The smaller culture size could diminish the effects

of self-shading and lead to reversal in the efficacy of NIR illu-

mination, as shown in Fig. 3a. These results underscore that

effective light distribution within a culture, particularly in dense

cultures, is critical for maintaining hydrogen production.

Reduced CO2 production

Hydrogen production from the photofermentation of organic

substrates results in the concurrent production of CO2. The

complete oxidation of the electron donor results in varying

theoretical ratios of H2 : CO2, as shown in eqn (1) and (2) for

acetic and malic acid, respectively. PNSB can also x CO2

through the Calvin cycle, which may reduce the net amount of

CO2 produced.13 Mckinlay et al. studied the metabolism of R.

palustris in different phases of growth and found that growing

cultures of R. palustris tended to use the glyoxylate cycle over the

TCA cycle, thus conserving carbon and reducing CO2 generation

at the cost of generating fewer reduced electron carriers.29

Carbon xation through the Calvin cycle is one major electron

sink for autotrophic organisms, and it competes with nitrogen

xation for electron carriers within the cell.30 In a separate study

by Mckinlay et al. using a wild type and mutant R. palustris

strain in which nitrogenase was not downregulated by

ammonia, it was shown that the Calvin cycle gene expression

and ux decreased signicantly in the strain with high nitro-

genase activity.31

To test the extent of CO2 production, we compared H2 and

CO2 production using two organic acid substrates. Fig. 4a shows

the gas collected over 24 hours from a culture of R. palustris

grown using acetate as a sole carbon source. Much less CO2 was

measured than the expected value from the stoichiometry of

acetate with a ratio of H2 : CO2 of 33 : 1 compared to the theo-

retical ratio of 2 : 1. Using malate as a sole carbon source, the

culture showed decreased CO2 production throughout the

growth phase, resulting in a nal cumulative ratio of 36 : 1, as

shown in Fig. 4b. The low amount of CO2 production in these

results could be due to the predominance of the glyoxylate cycle

over the TCA cycle, the continued carbon xation through the

Calvin cycle in spite of nitrogenase activity, or a combination of

these two pathways. Turon et al. also found high hydrogen

concentrations in the evolved gas from the Rhodobacter capsu-

latus cultures based on the above theoretical expectations with

the evolved gas consisting of 97–99% H2.
21

C2H4O2 + 2H2O / 2CO2 + 4H2 (3)

C4H6O5 + 3H2O / 4CO2 + 6H2 (4)

Nanoparticle enhancement of the light intensity for hydrogen

generation

Localized surface plasmons are the collective oscillations of free

electrons that lead to charge oscillations on the surface of

nanostructures. These oscillations can be driven by optical

photons, particularly those with wavelengths near the localized

surface plasmon resonance (LSPR). The resonance wavelength

can be tuned by changing the geometry and optical properties

of the nanoparticles as well as the properties of the surrounding

media.25 For resonance, localized surface plasmon oscillations

enhance the electromagnetic near-eld around the particles

and increase both the absorption and scattering cross-sections.

In many cases, the absorption and scattering efficiencies, the

ratio of the optical to physical cross-sections, can exceed one.

Nanoparticles exhibiting LSPR have widely been studied for

applications including solar cells, drug delivery, pollutant

degradation, and affinity sensing.32–35 Both near-eld enhance-

ment and light trapping through efficient scattering from these

nanoparticles can improve the efficiency of light-harvesting

systems.

Our approach utilized nanoparticles with localized surface-

plasmon resonance wavelengths around the NIR absorption

maxima of bacteriochlorophylls. Specically, we used

41222 | RSC Adv., 2019, 9, 41218–41227 This journal is © The Royal Society of Chemistry 2019
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nanoparticles with a silica core and a gold shell, an example of

which is shown in the cross-section in Fig. 5a.36,37 These core–

shell particles enhanced the optical near-eld, potentially

leading to more efficient coupling to the light-harvesting

complexes in the bacteriochlorophylls. In addition, they

offered relatively high scattering cross-sections with relatively

low absorption cross-sections, as discussed in the ESI.† This

property enhanced light trapping in the reactor due to efficient

scattering while reducing light lost to particle absorption.

The preliminary particle selection was based on Mie theory

calculations of the optimum extinction cross-section area at the

NIR region.38 The optimum particles were silica–gold core–shell

structures (�160 nm silica core, �18 nm gold shell). These

particles had a broad extinction peak around 850 nm that was

primarily due to scattering (ESI Fig. 7†). Other shapes of the

particles could also serve the purpose such as nano-rods,39

rings,40 and cages41 or various passivated copper structures.42

The experiments conducted here used particles with a nominal

silica core diameter of 120 nm � 9 nm, a gold shell diameter of

16 nm, a 5 kDa mPEG coating, and a total diameter of 151 nm�

8 nm (NanoXact from nanoComposix Inc.). The cross-sectional

electron micrograph in Fig. 5a reveals the core–shell structure.

Fig. 5b shows the calculated and measured extinction cross-

section of these particles, which was dominated by scattering as

noted above. Calculations were conducted using the nite

difference time domain method and are detailed in the ESI.† As

expected, the extinction maximum associated with LSPR is

centered at 800 nm and spans both of the NIR bacteriochloro-

phyll absorption maxima. The measured and calculated spec-

tral shapes were similar and both the antisymmetric (�600 nm)

and symmetric (�800 nm) resonances were apparent. The

experimentally measured resonances broadened and damped

compared to the calculated resonances likely because of the

geometric heterogeneity and aggregation of some particles in

solution. The calculated eld enhancement around the particle

is shown in the inset in Fig. 5b. The maximum eld enhance-

ment is 7� and the near-eld decays over a distance of

approximately 30 nm from the particle's surface.

These particles exhibited the desired near-eld enhance-

ment and efficient scattering near the bacteriochlorophyll

extinction maxima. Thus, two experiments were conducted to

quantify the enhancement of hydrogen production by R. pal-

ustris in the presence of the gold nanoparticles. In both exper-

iments, the nanoparticles were dosed into the samples at

a concentration of 4.6 mg mL�1 (equivalent to 2.6� 108 particles

per mL).

To test the efficacy of these nanoparticles for enhancing the

light absorption of R. palustris, cultures were grown under NIR

LEDs with gold nanoparticles in solutions, as shown in Fig. 5c.

The broad spectral overlap of the nanoparticle extinction and

the bacteriochlorophyll absorption can be seen in Fig. 5d and e.

The addition of the nanoparticles resulted in a similar cell

growth but more than 2� increase in hydrogen production over

90 hours from 167 � 18 to 398 � 108 mmol H2 in the 40 mL

reaction vial. This was in addition to the enhancements from

the illumination with NIR LEDs. The average hydrogen

production rate with the nanoparticles (total liquid volume of

34 mL) was 127 � 35 mmol L�1 h�1 at 130 W m�2. Previous

results using acetate as well as mixed organic substrates with

various light sources yielded hydrogen production rates ranging

from 84 mmol L�1 h�1 to 1800 mmol L�1 h�1.16,27,28 The higher

reported production rates arose from advanced reactor and

illumination designs,16 which made the comparison difficult

with the simple vials and direct illumination employed here.

Moreover, we did not attempt to optimize the media, substrate

concentration, or mixing in these experiments. Thus,

combining NIR LED illumination, resonant nanoparticles, and

advanced reactors should ultimately increase the overall

production rate.

Fig. 4 CO2, H2, production, and cell mass of R. palustris using two substrates. Cultures of R. palustris (300mL) grown anaerobically at 22 �C using

850 nm LED array illumination adjusted to 82–91 W m�2 (a) Acetate (70 mM) as a carbon source with the gas concentration in the headspace

collected over 24 h after 48 h growth. (b) Malate (70 mM) as a carbon source; for each measurement, the headspace was flushed with N2.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 41218–41227 | 41223
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The simulations of the nanoparticles alone, shown in ESI

Fig. 10b,† predict some absorption of light, which can theo-

retically impact the bulk temperature of the culture and

hydrogen production. The nanoparticles being added to media

alone and illuminated similar to the experiments presented in

Fig. 5 only increased the bulk temperature by 0.8 �C compared

to that for the media without nanoparticles, as detailed in ESI

Table 3.† Furthermore, as shown in ESI Fig. 10,† two sets of

bacteria were illuminated with the NIR LED arrays at 25 and

40 �C and the elevated temperature led to a signicant reduc-

tion in the hydrogen production. This agreed with the results by

Wang et al.28 who conducted visible light illumination studies

with R. palustris, where the optimum temperature for hydrogen

production was 30 �C and it dropped signicantly at 40 �C.

Because the experiments conducted, as shown in Fig. 5c, were

held constant at 30 �C using an incubator, we do not believe that

the increase in the hydrogen production from the addition of

the nanoparticles was due to the heating effects from the

presence of the nanoparticles.

Although gold nanoparticles have been studied as a means

to kill cancer cells through photothermal conversion,43 cell

growth was not impeded here from the addition of nano-

particles because the intensity of light used was small compared

to the light intensity typically used for cancer treatment. Addi-

tionally, the 5 kDamPEG coating served as a barrier between the

nanoparticles and bacteria.

Conclusion

Here, we demonstrated the efficacy of NIR illumination for PNSB

(photorophic non-sulfur bacteria) growth and hydrogen produc-

tion. Switching to NIR illumination compared to the widely used

tungsten light sources resulted in 3-fold increase in the hydrogen

production (60 � 6 to 167 � 18 mmol H2 at 130 W m�2). Further-

more, the addition of themPEG-coated plasmonic nanoparticles in

the solution resulted in additional 2-fold increase in the hydrogen

production (167 � 18 to 398 � 108 mmol H2) with minimal inhi-

bition of the bacterial growth. Another key nding of our work

established that part of the generated CO2 was simultaneously

utilized by the bacteria, resulting in a higher purity hydrogen gas.

The increased understanding of plasmonic materials can

also be used to better understand the light absorption and

Fig. 5 Role of gold-shell nanoparticles on the enhancement of hydrogen production. (a) The silica-core, gold-shell nanoparticle cross-section. The

scale bar is 50 nm and the shell thickness is approximately 18 nm. The particles were coated with mPEG (methoxy polyethylene glycol) and had

a 188 nmhydrodynamic diameter. (b) Extinction cross-section simulation andmeasurement. The inset shows themodeled near-field enhancement.

(c) Dry cell mass and hydrogen production from batch growth in 40 mL PTFE/silicone septa vials illuminated with an NIR LED array (850 nm) for 90

hours at an intensity of 130Wm�2 (n¼ 4 vials per illumination source). For the NP vials, the culture media contained 2.64� 108 particles per mL. All

vials were incubated at 30 �C and shaken at 100 rpm in an orbital shaker. The dry cell mass was estimated by correlating the optical density at

660 nm. Error bars represent standard deviations. (d) Extinction spectra for the control and nanoparticle-dosed cultures from (c) as well as the

nanoparticle stock in DI H2O (2.9 � 109 particles per mL). (e) Light spectra for the NIR LED light used for both sets of cultures in (c).
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energy transfer processes of phototrophic organisms. Various

studies have examined the strong coupling between light-

harvesting complexes from plants and bacteria to extended

gold arrays.44–46 The results by Tsargorodska et al. examined the

strong coupling between the extracted wild type light-harvesting

complexes of R. sphaeroides, another PNSB, and plasmonic gold

nanostructure arrays.46 Coles et al. even demonstrated strong

coupling between a phototrophic green sulfur bacterium and

a photonic microcavity.47 Although strong coupling was not

expected in our work, where the nanoparticles were suspended

in the solution and there were no observed changes in the

extinction spectra, its impact on the hydrogen production will

be an important avenue for future investigations. Outside gold

nanoparticles, Wang et al. studied the effects of CdS nano-

particles on R. palustris and found signicant improvements in

the cell growth, hydrogen production, and nitrogen xation.48

This work differs in the selection of nanoparticles, which

exhibit optical scattering in the same wavelength range as that

for bacteriochlorophyll absorption.

Other research studies on supplementing biohydrogen

production with nanoparticles have also shown improved

hydrogen production, but these studies have mostly focused on

dark fermentative bacteria.49,50 For example, Zhang et al. used

intracellular gold nanoclusters to photosensitize a non-

photosynthetic bacterium, M. thermoacetica, and enable CO2

xation by absorbing light energy and transferring energized

electrons into the Wood–Ljungdahl pathway.51 The immobili-

zation of bacteria and nanoparticles in close proximity could

more effectively exploit near-eld enhancement and perhaps

strong coupling effects.

Experimental: materials and methods
Microorganism and culture conditions

The R. palustris strain CGA009 (ATCC BAA-98) was purchased

from ATCC (American Type Culture Collection). Solid media

cultures were isolated on tryptic soy broth agar plates. Liquid

cultures were pre-grown anaerobically in tryptic soy broth

purchased from Criterion, which contained (g L�1) casein

peptone, 17; soy peptone, 3; NaCl, 5; K2HPO4, 2.5; and dextrose,

2.5. The pre-grown liquid cultures were concentrated by

centrifugation at 2500 rpm for 5 minutes and washed 3 times

with minimal media for use as an inoculant for the hydrogen

production experiments. For the hydrogen production experi-

ments, R. palustris was grown using modied minimal media52

that contained (g L�1) Na2HPO4, 6.8; KH2PO4, 2.9; NaCl, 1.3;

MgSO4$7H2O, 0.4; CaCl2$2H2O, 0.075; and thiamine hydro-

chloride, 0.001. Trace elements were provided by adding 10 mL

L�1 of a solution containing (g L�1) FeCl3$6H2O, 1.66; ZnCl2,

0.17; MnCl2, 0.06; CoCl2$6H2O, 0.06; CuCl2$2H2O, 0.04; CaCl2-

$2H2O, 0.73; and Na2MoO4$2H2O, 0.06. Sodium glutamate (3.5–

7 mM) and acetate (70 mM) were utilized. The nal concentra-

tions of the transition metals in the dened medium were (mg

L�1) Fe, 31.2; Zn, 7.4; Mn, 2.4; Co, 1.4; Cu, 1.4; and Mo, 2.2. To

prevent the growth of contaminants in the cell cultures, chlor-

amphenicol was added to the cell culture media in concentra-

tions of 10 mg L�1.

Hydrogen production experiments

Batch hydrogen production experiments were conducted in sets

of 40 mL vials with PTFE-lined silicone septa. The vials were

shaken on their side at 100 rpm and 30 �C in an orbital shaker.

The vials were illuminated from the bottom, and the illumina-

tion intensity was tested by measuring with a photometer

perpendicular to the vial surface. For the multiple illumination

experiments, sets of vials were oriented perpendicular to each

other and covered with foils on the non-illuminated sides to

minimize cross-illumination.

For larger-scale hydrogen production, a cylindrical glass

solvent-resistant stirred cell (EMD-Millipore) with an internal

diameter of 76 mm and a working volume of 300 mL was used

for these experiments. The culture was stirred with a magnetic

stirrer. All experiments were carried out under an anaerobic

atmosphere with just above 1 bar pressure. All experiments were

carried out under continuous irradiance at 82 � 10 W m�2 with

either a broad wavelength incandescent light or LED array.

Light source spectral and power measurements

The spectrum of both light sources (broad wavelength EVA

64623 bulb OSRAM HLX 100 W single-ended tungsten–halogen

bulb and NIR-LED source, CMVision CM-IR110 LED array) was

measured with an Ocean Optics HR4000CG-UV-NIR spectro-

photometer. The measurements were corrected for the effi-

ciency of the optics and spectral response of the CCD sensor.

The light power was measured using a light power meter

(LabMax-TOP, Coherent Inc.). The broadband light source

power was measured at the peak wavelength.

Nanoparticle extinction measurements

Commercially available water suspensions of silica-core gold

nanoshells with a resonance wavelength of 800 nm were

purchased from NanoCompsix. The core diameter of these

particles was 120 � 9 nm with a shell thickness of 16 nm. These

shells were coated with poly(ethylene glycol) methyl ether

(mPEG). The extinction spectrum of these particles was

measured by an Ocean Optics HR4000CG-UV-NIR spectropho-

tometer with a reference signal of DI-water, an integration time

of 10 milliseconds, and a light path length of 1 cm. Cross-

sectioning of the particles and imaging was done using

a Thermo Fisher Scientic/FEI dual beam FIB/SEM system

(Helios Nanolab 660).

Numerical simulation of optical properties of nanoparticles

Finite different time domain analysis (Lumerical Inc.) was

utilized to simulate a suspended particle in water to estimate

the resonance wavelength and scattering cross-section. The

refractive index for gold was taken from Johnson & Christy53 and

the refractive indices for water and silica were taken from

Palik.54 The best t model has an error tolerance of 0.1 and

a maximum allowed number of coefficients as 6 for gold and

0.01 and 2 for water and silica, respectively (see ESI Fig. 5 and 6†

for full details of the material optical properties). The mesh size

was set to 1.8 nm to account for surface plasmon effects. The

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 41218–41227 | 41225
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full mathematical modeling of the core–shell particles can be

found in ref. 55.

Nanoparticle addition experiments

Batch experiments to test the enhancement of the growth and

hydrogen production from the addition of the commercial gold

shell (Au–silica) nanoparticles were carried out in the same

manner as the other batch growth experiments. The bacterial

cultures were grown in 40 mL vials with 30 mL of minimal

media and 1 mL inoculant. In addition, the samples with

nanoparticles were dosed with 3 mL of a nanoparticle stock

solution, resulting in a nal concentration of 4.5 mg L�1

nanoparticles. The change in the headspace was taken into

account in calculating the total hydrogen generation per

sample.

Analytical methods

The total cell concentration was determined by recording the

optical density (OD) of the cell culture at 660 nm with a BioTek

microplate reader (Synergy H1 Hybrid reader). OD660 was

converted to dry weight (g L�1) by gently drying the concen-

trated samples in replicate at 80 �C until there was no mass

change. Dilutions of the concentrated sample were then

measured for absorbance.

The hydrogen gas produced by the bacteria cells in the

headspace was collected by a luer lock syringe and analyzed by

GC (Agilent 6890N) with a Carboxen-1004 micropacked

column (0.75 mm � 2 m) equipped with a TCD detector. The

column temperature was held at 50 �C for 1 min, then

increased to 150 �C at 10 �C min�1 and maintained for 5 min.

Nitrogen was used as the carrier gas at 1.8 mL min�1. The

injector and the detector temperatures were set at 100 �C and

150 �C, respectively. The retention time for hydrogen gas was

1.3 min. A calibration curve was obtained for hydrogen gas in

the linear range of 100–1000 ppm. All reported data were the

averages of the analysis performed at least in triplicate wher-

ever possible. For the analysis of the CO2 produced, GC (Var-

ian) equipped with a mass spectrometric detector was used. A

two-point calibration with 200 and 400 ppm CO2 was used for

analysis.
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