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ABSTRACT: Green algae biosynthesize gold nanoparticles
(AuNPs) in the presence of dissolved gold, but the precise
biosynthesis mechanism remains unclear. Furthermore, few
surface-enhanced Raman spectroscopy (SERS) spectra and
even fewer SERS cellular images have been collected of
intracellularly grown gold nanoparticles, despite the detailed
information SERS can provide about nanosurface-associated
molecules. In this effort, SERS imaging was used to detect
intracellular and extracellular gold nanoparticles biosynthesized
by the green algae Pseudokirchneriella subcapitata to identify
surface-associated biomolecules and to evaluate the nano-
particle biosynthesis mechanism. Three-dimensional SERS spectral maps imaged AuNPs biosynthesized in the presence of
0.005−0.5 mM HAuCl4 over a variety of pH conditions. Algal growth and AuNP biosynthesis were monitored over a 72 h
exposure period using UV−vis spectroscopy, electron microscopy, and elemental analysis. Principle component analysis (PCA)
and cluster analysis of SERS data demonstrate reproducible trends in the SERS spectral maps and simplify peak identification
analyses. SERS cellular images contain peaks consistent with glutathione, β-carotene, chlorophyll a, hydroxyquinoline, NAD, and
proteins such as a reductase enzyme. Each is a biomolecule previously thought to be involved in intracellular AuNP biosynthesis
in bacteria and fungi. Little mechanistic study has been previously conducted with green algae. Identification of AuNP surface-
associated biomolecules from SERS spectra requires prior knowledge of the system, but peaks not found in the SERS spectra can
be used to narrow the list of potential AuNP surface-associated candidate molecules. Continued development of SERS spectral
imaging will facilitate noble metal nanoparticle surface analyses to elucidate biosynthesis mechanisms relevant to green synthesis,
to monitor nanomaterial function and stability in complex media, and to image AuNPs employed for drug delivery applications.
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■ INTRODUCTION

Algae, bacteria, and fungi have the capacity to biosynthesize
gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs)
following dissolved metal uptake.1−4 There is growing interest
in the optimization of these biosynthesis processes for gold
recovery from aqueous solutions and for “greener” nanoparticle
syntheses.5,6 Biosorbants for metal recovery require less energy,
toxic reagents, or labor to employ than typically used carbon
sorption, solvent extraction, ion exchange, or electrodeposition,
and metal nanoparticles are a byproduct of this process.5,7−9

During nanoparticle biosynthesis, dissolved gold ions (Au3+)
are reduced to Au0 intracellularly or extracellularly without the
use of acidic or caustic reagents or the input of significant
amounts of energy as required for conventional nanoparticle
syntheses.1−3 AuNP bioproduction is attractive as a “green”
synthesis method because particles of a wide variety of shapes
and sizes can be produced by a single microbial species through
growth condition modification (i.e., pH, initial Au concen-
tration, temperature).10,11 Furthermore, alterations in synthesis
rates can be achieved by organism selection. After exposure to

Au3+, nanoparticles were observed within minutes for
Plectonema boryanum and Anabaena flos-aquae, but Calothrix
pulvinata required hours to produce particles.2,10

The mechanisms of AuNP and AgNP biosynthesis have been
studied for bacteria, fungi, and plants using FT-IR spectroscopy,
X-ray photoelectron spectroscopy, zeta potential measure-
ments, enzymatic activity assays, and transmission electron
microscopy−electron spectroscopic imaging, but very little
work has been done to examine nanoparticle biosynthesis by
whole algal cells.12−15 Furthermore, due to organism specific
biochemistries and the tremendous variety of biomolecules that
are capable of reducing Au3+ to Au0, the exact mechanisms for
intracellular biosynthesis of AuNPs by most microorganisms
remain unresolved.12−15 One theory suggests that the
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negatively charged cell wall electrostatically attracts Au3+, that
peptidoglycan or enzymes at the cell wall reduce Au3+ to Au0,
and following nucleation that nanoparticles are transported
through the cell wall.12,13 Alternate pathways suggested for
Au3+ bioreduction by bacteria and fungi involve thylakoid
membranes, reductase enzymes, and cytochromes.1,5,12,14

Existing technologies only provide limited information about
the biomolecules associated with intracellular nanoparticle
surfaces for intact cells.12−15

Algal studies documenting intracellular AuNP biosynthesis
typically focus solely on metal uptake for recovery from waste
streams or omit discussion of the AuNP reduction mecha-
nism.5,12,15,16 Cyanobacteria lack internal organelles such that
the mechanism suggested for blue-green algae may not be
entirely applicable to green algae.1 Incomplete understanding of
the mechanisms responsible for uptake of Au3+ into algae and
its conversion to AuNPs limits optimization of these promising
processes. We utilized surface-enhanced Raman spectroscopy
(SERS) to systematically probe AuNP biosynthesis in an effort
to close this data gap and develop SERS spectral imaging
techniques for intracellular analyses. We emphasize that the
protocols developed herein for algal imaging are applicable to a
variety of cellular environments.
SERS is a vibrational spectroscopic method that provides

information about molecules positioned in the vicinity of noble
metal nanostructures.17−19 SERS enables generation of cellular
images created by acquisition of hundreds to thousands of
Raman spectra across a cell decorated with intracellular or
extracellular noble metal nanoparticles. Raman vibrational
peaks that correspond to specific biomolecules can be tracked
across a single cell, thus documenting the location of
biomolecules that associate with the noble metal nanostruc-
tures.20 Such information aids in identification of nanoparticle
locations and the delineation of cellular processes.1 Recently,
SERS cellular images collected for a variety of cells have shown
the capacity of the method to measure pH in the immediate
vicinity of a SERS tag, to mark certain molecular features within
a cell, to image cell structures such as hyphae, or to define those
biomolecules in the immediate vicinity of a noble metal
nanostructure.20−26 To date, however, few SERS spectra and
even fewer SERS cellular images have been collected of
intracellularly grown AuNPs, none of which were produced by
algal cells.20,27−30 Thus, SERS cellular imaging is an untapped
resource that can answer unsolved questions about nanoparticle
biosynthesis. The work described herein enhances our
understanding of intracellular AuNP biosynthesis by extending
SERS spectral imaging to AuNPs biosynthesized by algal cells,
providing chemical imaging to complement electron micros-
copy.

■ MATERIALS AND METHODS
ACS reagent grade chemicals were purchased from Fisher Scientific,
MP Biomedical, Acros, RICCA Chemical Company, and Electron
Microscopy Sciences. HAuCl4 was purchased from MP Biomedical.
Phosphate-buffered saline packets (0.01 M PBS; 0.138 M NaCl,
0.0027 M KCl at pH 7.4, 25 °C) were purchased from Sigma (P-
3813), and P. subcapitata cultures were purchased from Marinco
Bioassay Laboratory Aquaculture.
Instrumentation. Absorbance measurements were obtained with a

Varian Cary 5000 UV−vis NIR spectrometer and a Biotek μQuant
plate reader. An Accumet Basic AB15 Plus electrode from Fisher
Scientific was used to monitor pH. Transmission electron microscopy
(TEM) micrographs of samples processed and cross-sectioned with a
LEICA Ultracut UCT Ultramicrotome were collected using a Zeiss

10CA TEM (60 kV) with an AMT Advantage GR/HR-B CCD camera
system and a JEOL JEM 1400 TEM (80 kV) with a Gatan Orius CCD
camera controller. Environmental scanning electron microscopy
(ESEM) images were recorded with a FEI Quanta 600 FEG operated
in ESEM mode with a Peltier stage control kit and a 500 μm gaseous
SED detector. The ESEM probe current was continuously adjustable
up to 100 nA, and resolution in extended vacuum mode was ≈1.5 nm.
One droplet of aqueous-phase sample was placed on the sample holder
of the Peltier stage, and the instrument was set at 100% humidity, 6.7
bar pressure, 5 °C, and 20 kV. The sample chamber humidity was then
lowered to 80−90% humidity, the highest level at which intact cells
were observed. Energy-dispersive X-ray spectroscopy (EDX) was
conducted in parallel to ESEM.

Aqueous-phase samples were pipetted onto glass slides, and cells
were allowed to settle onto the glass surface before SERS
measurements were collected. Cells were examined both fixed and
unfixed as well as wet and after drying using a WITec Alpha500R
Raman UHTS300 spectrometer, DU 401 BR-DD CCD camera, 785
nm laser, 300 grooves/mm, 100× microscope objectives, and 0.05−50
mW of laser power. Principal component and cluster analyses
(Manhattan distance and K-means clustering) were conducted with
WITec Project Plus 2.10.3.3 before and after cosmic ray removal,
baseline correction, and selection of the 400−2100 cm−1 spectral
region. Matlab R2013a was used for principal component analysis
(PCA) beyond the WITec software capabilities.

Experimental. Algal cultures were grown and handled in
accordance with OECD/OCED procedures.31 Stock cultures were
prepared by mixing 50 mL OECD/OCED media with 1 mL P.
subcapitata culture (Table SI-1, Supporting Information). Stock
cultures were grown for 3−6 days until the cell count was >107

cells/mL as determined with a microscope and hemocytometer or by
UV−vis absorbance readings at 440 or 682 nm (corresponding to
chlorophyll a and carotenoid pigments within algal cells).31

Autoclaved 250 mL Erlenmeyer flasks were filled with 50 mL
filtered OECD/OCDE media, 1 mL of P. subcapitata cells from the
stock culture, and 1 mL of an aqueous solution containing the
necessary amount of HAuCl4 to make final concentrations of 0.005−
0.5 mM HAuCl4. Each concentration was run in triplicate. In parallel, a
set of samples containing media and cells were spiked with 1 mL of
previously prepared 40 nm citrate stabilized AuNPs.32 Prepared flasks
were capped with autoclaved cotton balls and incubated at 23 °C on a
shaker table under fluorescent lighting for the duration of the
incubation. Samples were removed from each flask for analysis at
approximately 12 h increments. The volume of solution in each flask
did not fall below 40 mL during the 72 h incubation. Visual
descriptions with and without microscope and plate reader measure-
ments at 300, 440, 520, 633, 682, and 785 nm were collected every 12
h. Raman scans, optical images, and ESEM images were recorded every
24 h. In addition, TEM images and 250−800 nm UV−vis scans were
collected at 72 h. After 72 h, the flask contents were filtered through a
0.2 μm polycarbonate Millipore membrane filter and placed in a 2 mL
centrifuge tube containing 2.5% glutaraldehyde in 0.01 M PBS buffer
for analyses that could not be conducted immediately.

pH Control. A set of pH regulated samples were setup, incubated,
and monitored as previously described; however, pH was adjusted
using 0.1 N NaOH or HCl before the algae was added to the flask
containing media and HAuCl4 solution.3 pH was measured initially
and every 12 hours throughout the incubation. Samples for which pH
was regulated include controls of algae in growth media, media
controls containing 0.5 mM HAuCl4 without algae, and algae in
growth media containing 0.5 or 0.15 mM HAuCl4, all of which were
examined at both pH 3 and pH 8.

TEM Cross-Sectioning. After filtration and fixation as described
previously, cells were washed in PBS, stained with 1% OsO4, pelleted
in agar, and suspended in Spurr’s resin (Supporting Information
contains additional details).33−35 Cross sections were cut, placed on
grids, and examined by TEM. ImageJ (NIH, Ver. 1.46) was used to
measure AuNP sizes from images. Averages and standard deviations
were computed from at least 50 AuNPs or all the AuNPs of the
specified size and location across at least five typical cells.
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■ RESULTS AND DISCUSSION

On the basis of cell counts, visual observations, and absorbance
measurements at 682 nm, exposure to 0.005−0.04 mM HAuCl4
had little effect on P. subcapitata growth rates, but growth
halted in 0.08−0.5 mM HAuCl4 (Figure SI-1, Supporting
Information). After a 72 h incubation, algal cells in control
samples and incubations with less than 0.08 mM HAuCl4
reached the stationary phase. The decrease in pH due to the
HAuCl4 addition was not the cause of cell death for initial
HAuCl4 concentrations greater than 0.08 mM; cell growth was
also inhibited in 0.15 and 0.5 mM HAuCl4 samples fixed at pH
8.
AuNPs Growth. ESEM images, collected for samples

removed directly from incubation flasks every 24 h and every
72 h for samples that were filtered and fixed in glutaraldehyde,
demonstrate AuNP biosynthesis but cannot differentiate
intracellular AuNPs from AuNPs associated with the algal
surface (Figure 1). AuNPs are visible within 24 h of incubation
in the 0.5 mM HAuCl4 sample, but longer incubation periods
were required for lower initial gold concentrations. TEM cross-
sectional images, obtained after 72 h, confirm intracellular

AuNP production and facilitate particle sizing (Figure 1). EDX
further affirms that the nanoparticles are AuNPs (Figure SI-2,
Supporting Information).
AuNPs exhibit characteristic absorption bands (localized

surface plasmon resonances, LSPR) whose location and
magnitude are defined by the size of the nanoparticle and its
local chemical environment. In water, the LSPR wavelength for
discrete 15 nm gold spheres occurs at 520 nm, but as the
diameter increases to 99 nm, the wavelength red-shifts to 575
nm.36 Only two LSPR bands were observed by UV−vis
spectroscopy in any of the incubation flasks. A LSPR band at
524 nm was exhibited by samples spiked with presynthesized
40 nm citrate AuNPs, and another LSPR band at 567 nm was
identified in incubations containing 0.15 mM HAuCl4 at pH 3
(Figure SI-3, Supporting Information). A UV−vis peak was
only observed for the 0.15 mM HAuCl4 condition at pH 3,
despite confirmation of AuNPs presence by electron micros-
copy and EDX in other algal incubation flasks containing
HAuCl4. At the initial algal concentration of 2 × 105 cells/mL,
the absorbance of chlorophyll a, carotenoid, and intracellular
AuNPs were not detectable by UV−vis spectroscopy, even for

Figure 1. ESEM whole cell (first row) and TEM cross-sectional images (second row) were collected for P. subcapitata incubated with 0−0.5 mM
HAuCl4 for 72 h, filtered through a 0.2 μm filter, and fixed with 2.5% glutaraldehyde. Electron-dense gold is displayed as white in ESEM images and
black in TEM images. Staining with osmium tetroxide before cross-sectioning for TEM analysis identifies unsaturated lipids (i.e., cell and organelle
membranes).38 The third row summarizes the characteristics of the AuNPs for each condition. Control cells were imaged at pH 8, 0.15 mM HAuCl4
at pH 7, and 0.3−0.5 mM HAuCl4 at pH 3. Histograms of particle size are included in Figure SI-4 of the Supporting Information. (Note: No TEM
images for the 0.5 mM HAuCl4 incubation were obtained.).
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control algae that produced significant chlorophyll a and
carotenoid absorbances after 72 h (Figures SI-1 and SI-3,
Supporting Information). LSPR absorbances of intracellularly
biosynthesized AuNPs have been observed by Focsan et al. and
others at higher cell counts.1,37 Therefore, it is assumed that
low cell counts and the intracellular nature of the AuNPs result
in few UV−vis detectable AuNPs.
Raman and SERS Characterization of Algal Cells. The

growth and aggregation of biosynthesized AuNPs results in
enhanced Raman spectral intensity. In the presence of AuNPs,
SERS spectra are observed using 1% of the laser power and
10% of the acquisition time required for normal Raman cellular
imaging (Figure 2 and Figure SI-5, Supporting Information).
Control cells grown without HAuCl4 display low intensity
fluorescence signals without defined Raman spectral peaks
when probed at low laser powers and short acquisition times.
AuNPs have the ability to quench fluorescence, and this
property combined with the enhancement effect allowed SERS
signals to be visible for cells incubated with HAuCl4.

19 A SERS
spectrum is only obtained when the LSPR band of the noble
metal nanostructure overlaps with the Raman laser wave-
length.18,19 Therefore, for experiments conducted with a 785
nm Raman laser, AuNPs must either be large (>40−50 nm) or
have many particle junctions (overlapping AuNP electro-
magnetic fields) to produce a SERS effect.18 On the basis of the
observed size of AuNPs in the collected TEM and SEM images,
it would appear that the latter mechanism is primarily at play in
this system. Importantly, the 785 nm laser selectively probes
those biomolecules associated with larger particles or
aggregates. The collected SERS spectra represent a snapshot
chemical image of the biomolecules associated with these larger

AuNPs or aggregate surfaces during equilibrium, aggregation,
or growth, but not nucleation. Had a 514 nm laser been applied
to the same samples, smaller particles or aggregates would have
enhanced the Raman spectra, thus resulting in identification of
biomolecules associated with those smaller nanoparticles.
Three-dimensional Raman scans demonstrate that the

majority of the SERS signal originates from within the algal
cells rather than simply from their surface (Figure 2 and video,
Supporting Information). The spectra observed within the cells
exhibit spatial variability caused by the transient nature of
SERS, association of AuNPs with a variety of biomolecules in a
variety of orientations in the cell, variety of AuNP sizes and
shapes, and SERS hot spots produced at the junctions and
corners of particles where electromagnetic fields produced by
the localized surface plasmon bands of the nanostructures
overlap.18,19 SERS hot spots are operationally defined herein as
a location that produces a spectrum containing unique peaks
that are at least 10× more intense over 400−2200 cm−1 than
the typical spectrum for that cell, reflecting junctions between
nanoparticles or a strong binding event with a biomolecule that
is only observed once. Identifying sources of molecular
vibrations that produce intracellular SERS signals in complex
biological systems is complicated and requires significant
amounts of data as indicated by Prusinkiewicz et al.;24 principal
component analysis (PCA) and cluster analysis were applied to
find statistically relevant patterns within the SERS spectral
maps.

Data Reduction. PCA is a statistical method often used to
emphasize variations in large data sets, rather than the variables
that remain constant.39 A new combination of the original
variables, known as principal components (PCs), is created to

Figure 2. SERS signals originate from within the algal cell rather than at the surface, as demonstrated by stacked x,y,z SERS spectral maps. Three
spectra per μm were collected, and the overall spectral intensity of each spectrum was used to convert 7560 spectra into a single x,y image for each
depth. High numbers of CCD counts (yellow) are observed by the instrument detector only inside of the cells. A video demonstrating the particle
locations in 3D space within the indicated cell is available electronically. SERS spectra for the cells in each spectral map were averaged and are shown
before baseline correction on arbitrary scales for viewing ease. The normal Raman spectrum was collected with a higher sample concentration, laser
power, and acquisition time for comparison with SERS spectra. (Table SI-2 of the Supporting Information contains specific Raman spectrometer
parameters for each condition.).
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order and highlight the aspects of the data set that are unique.
The percentage of variability in the data described by each PC
is computed, and the PCs are ordered by the amount of
variability explained by each PC, with the first PC being the
most significant. For a single algal cell incubated with 0.5 mM
HAuCl4 at pH 3, one PC explained 80−95% of the variability
among spectra. The loadings for the first PC highlighted similar
peaks for each cell, with cells incubated under similar
conditions typically sharing more similarities than those of
cells incubated under different conditions (Figure SI-6,
Supporting Information).
Cluster analysis partitions spectra within a SERS spectral

image into a predefined number of groups of similar spectra.39

In cluster analysis with two clusters defined (chosen based on
the PCA results), the crescent-shaped algal cell can be
differentiated from the background. If the P. subcapitata cell
SERS spectra are divided into additional clusters, a single
spectrum of varying intensity is observed across the majority of
each cell with periodic signal hotspots that are unique and not
reproducible (Figure 3). The most intense cluster for each cell

typically matched the peaks highlighted by the loadings of the
first PC (Figures SI-6 and SI-7, Supporting Information),
demonstrating an agreement between the PCA and cluster
analysis, reproducible nature of spectra across an algal cell, and
significance of the SERS peaks displayed by the algae.
The reproducibility of SERS spectra for a given condition

was evaluated by conducting PCA of the average cluster
analysis spectra given in Figure SI-7 of the Supporting
Information (an average spectrum for each of 14 separate
cells, 3−4 for each incubation condition). Each condition was
arbitrarily assigned a number one through four. A linear

regression was then developed to describe the trend between
the first few PC scores and the incubation condition number.
Ten PCs were required in the regression to mathematically
predict the incubation condition number from the PC scores
after omitting the SERS hotspot spectra (Figures SI-6, SI-7, and
SI-8, Supporting Information). The ability of a PC regression to
mathematically predict the initial incubation condition for all 14
spectra suggests that two spectra from different incubation
conditions are consistently unique enough for the model to
differentiate them. Thus, SERS spectra were reproducible
across a single algal incubation condition. The most common
SERS vibrations highlighted by cluster analysis and PCA were
further studied to identify their origins.

AuNP Surface-Associated Biomolecules. Zeiri and
Sengupta determined that silver nanoparticles extracellularly
synthesized by E. coli reproducibly display a spectrum similar to
that of flavin adenine dinucleotide (FAD) due to the high
affinity of this molecule for the nanoparticle surface.59,60 P.
subcapitata biosynthesized AuNPs do not follow such a simple
trend; nonetheless, PCA and cluster analyses provide evidence
of patterns. Algal SERS spectra were compared to spectra of
basic biomolecules as well as biomolecules thought to take part
in the reduction or stabilization of biosynthesized AuNPs (i.e.,
carotenoids, chlorophyll, polysaccharides, hexosamines, tannins,
amino acids, and quinones).5,6,9,12,40−58,61 Normal Raman
spectra are generally strongest for nonpolar functional groups,
but the chemical enhancement mechanism for SERS distorts
this trend. The SERS spectrum of a molecule in contact with a
AuNP will be enhanced by 10−100× in addition to the
enhancement expected from the biomolecule’s position within
the electromagnetic field generated about the AuNP due to
laser irradiation.18 Therefore, the strongest peaks are
hypothesized to be generated by biomolecules associated with
the AuNP surface.
SERS spectra for all HAuCl4 incubation conditions contained

a very strong peak at 240−275 cm−1 due to vibrations between
Au0 and Cl, S, N, or C, reaffirming that SERS spectra document
biomolecules at AuNP surfaces.62−65 Peaks at 1030−1034,
1157−1166, 1244−1278, 1544−1554, 1584−1591, and 2125−
2146 cm−1 were also common, documenting vibrations also
displayed by nicotinamide adenine dinucleotide (NAD), β-
carotene, glutathione, hydroxyquinoline, chlorophyll, and
proteins (Figure 4, Table SI-4, Supporting Information). As
also encountered by Prusinkiewicz et al., SERS vibrations
associated with several of these biomolecules overlap, and the
tendency for SERS to distort respective peak ratios due to
orientation of the molecule about the AuNP surface hinders
precise differentiation of all peaks. However, the ability of SERS
to rapidly narrow down the list of biomolecules that are
associated closely (within 4 nm) with the AuNP surface is a
significant finding to complement FT-IR, X-ray spectroscopies,
assays of cell function, and in vitro syntheses for the
determination of mechanisms responsible for AuNP biosyn-
thesis. Peaks that are not found in the SERS spectra for any
condition are likely not interacting closely with nanoparticle
surfaces, thus ruling out the glutaraldehyde fixing agent,
saccharides, FAD, lipids, DNA, and other AuNP associations.
Furthermore, PCA highlighted the peaks that caused the most
variation within the data set, thus simplifying peak
identifications and differentiating overlapping signals.
The loadings of the top PCs required for prediction of

incubation conditions were plotted against various biomolecule
spectra (Figure 5). The loadings of PC1 and PC2 contain

Figure 3. Cluster analysis of a cell incubated with an initial
concentration of 0.5 mM HAuCl4 at pH 3 in growth media
demonstrates the intracellular nature of the biosynthesized AuNPs.
Each spectrum corresponds to the location indicated by the
corresponding color in the Raman spectral map. A spot producing
more intense and different peaks from those observed throughout the
rest of the cell is indicated by the yellow arrow. Absolute SERS
intensities demonstrate the strength of each spectrum and the extent
of the signal enhancement. The red spectrum was shifted upward by
100 CCD counts for viewing ease. Biomolecule spectra are referenced
in Table SI-3 of the Supporting Information.40−58
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features observed in β-carotene and chlorophyll a. The loadings
of PCs 3−6 display peaks common to glutathione, with protein
peaks around 1100−1375, 1650, and 1445 cm−1 also visible in
PC5 and PC6.41 Nonspecific orientation of a biomolecule at
AuNP surfaces would cause the PC loadings to highlight
variations of the biomolecule’s spectrum across multiple PCs.66

Thus, the main differences in surface coatings of the AuNPs
produced at the various incubation conditions appear to be
correlated with glutathione, β-carotene, chlorophyll a, and
possibly proteins.
Mechanistic Interpretation of SERS Spectra. PCA

highlights variation in data sets rather than peaks that remain
constant; comparison with the cluster analysis results is valuable
for identifying peaks that are constant. From peak identi-
fications, it is clear that glutathione plays a role as a metal
binding peptide that stabilizes AuNPs. The SERS data supports
two potential mechanisms proposed elsewhere for bacteria and
fungi, including chlorophyll a and β-carotene as electron
sources for AuNP reduction as seen in cyanobacteria or
hydroxyquinoline and NADH may transfer electrons to
facilitate function of a reductase enzyme as observed in
fungi.1,61,67,68 At the high HAuCl4 concentrations discussed
here, it is likely that more than one mechanism is responsible
for the variety of AuNP shapes and sizes, with initial conditions
influencing the pathways employed.
Chlorophyll a and Carotenoids. Algal SERS spectra for all

conditions maintain a set of peaks similar to those in the
normal Raman spectrum of the algae (primary peaks
highlighted in gray in Figures 3 and 4). This observation is
interesting because SERS spectra are collected with a much
lower laser power (<0.05 mW SERS versus >40 mW normal
Raman), and no Raman or SERS signals were obtained for
algae without AuNPs at <0.05 mW of laser power. This finding

suggests that the same biomolecules that are responsible for
producing the algal normal Raman spectrum are interacting
within 4 nm of the AuNPs.19 The peaks in the normal Raman
algal spectrum are identified as chlorophyll a and β-carotene,
identical to that observed by Wood et al. (Figure 5). Therefore,
chlorophyll a and β-carotene interact with the biosynthesized
AuNPs. Such a finding is not surprising. Pigments such as β-
carotene are often produced to protect algal cells against
photooxidants.61,69 AuNPs biosynthesized by cyanobacteria are
found to associate with thylakoids where photosynthetic
electrons are employed for Au3+ reduction.1 AuNPs have
been produced by chloroplasts extracted from the Trifolium
leaf,70 and Barazzouk et al. successfully employed AuNP to
photoprotect chlorophyll because of its affinity to form a self-
assembled monolayer on AuNP.71 SERS spectra consistently
display a peak at 2137 cm−1 that reflects C−N vibrations at a
gold surface.63,64 The detector on the Raman spectrometer
employed for this analysis is less sensitive to high wavenumber
peaks such as 2137 cm−1 with the 785 nm laser setup (indicated
by instrument specifications and experimental verification).
Although the peak at 2137 cm−1 is weak in some of the algae
samples, its intensity in relation to the minimal sulfur SERS
peaks at 630−670 and 700−745 cm−1 suggest that a nitrogen
atom rather than a sulfur atom most frequently coordinates
with the AuNP, a finding supported by Mukherjee et
al.13,41,63,72

Glutathione and Phytochelatin. Glutathione is both a
precursor of phytochelatin and a metal binding compound
thought to help transport metals to polyphosphate granules, the
cytoplasmic membrane, or vacuoles.68 Phytochelatin is an
oligomer of glutathione produced intracellularly by P.
subcapitata and other algae in the presence of Cd, Zn, Cu,
Ag, Hg, and Pb to bind metals for detoxification; this molecule

Figure 4. Cluster analysis of pH controlled algae incubations. Optical images (purple) and SERS spectral maps (false color images) are shown
alongside an average spectrum taken of the most intense cluster for three distinct cells at the indicated condition. The nonlinear image intensity scale
is not normalized for comparison across the different conditions; images for control algae are produced by fluorescence rather than Raman signal.
SERS hotspots (yellow arrow, 0.5 mM pH 3) were considered as a separate entity and the next most intense cluster was used for averaging.
Variability was not observed in the control cell SERS spectral images, so data from a single cell are shown. To improve the signal from that displayed
in Figure SI-4 of the Supporting Information, the laser power was reduced to <0.05 mW and acquisition time was increased (Table SI-2, Supporting
Information). Biomolecule spectra are referenced in Table SI-3 of the Supporting Information.40−58
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has been employed experimentally to stabilize particles formed
by a reductase enzyme.61,67,68 SERS data suggests glutathione
or phytochelatin is also produced by P. subcapitata in the
presence of HAuCl4. Ma et al. determined that surface area
rather than concentration dictates the overall toxicity of a
prefabricated metal NP to an organism.73 Phytochelatin levels
have been observed at an order of magnitude lower than that of
the heavy metal;68 this is expected for a molecule used as a
surface coating for small nanoparticles rather than an agent
used to bind each metal ion separately.
Other Biomolecules (Supporting Information contains

additional discussion). The rare occurrence of the RNA SERS
spectra, only in SERS hotspots, suggests that although RNA will
readily associate with AuNP surfaces, it is not the primary
reducing or stabilizing agent within the P. subcapitata cells
(Figure 3). Enzymes produce complex Raman spectra with
many overlapping peaks, especially reflecting amide bonds at
1100−1375 and 1623 cm−1, CH2 bending at 1445 cm−1, and
phenylalanine at 1004 cm−1, with various other specific amino
acid peaks.41 SERS spectra of proteins are even more complex
unless binding to AuNPs occurs in a consistent conformation.
Protein peaks are reflected in the algal SERS spectra and PC
loadings, but specific protein identification requires additional
study (Figure 5).
The strength of the 2137 cm−1 C−N SERS peak in

comparison to the weaker C−S peaks that periodically appear

at 630−670 and 700−745 cm−1 may be surprising considering
the known affinity of Au for S.41,63,64,72,74,75 Mukherjee et al.
also observed linkages of AgNP with nitrogen atoms rather
than sulfur in a single Raman spectrum of AgNP produced
using cell-free aqueous filtrate from Trichoderma asperellum.72

AuNPs biosynthesized by chloroplasts and examined by FTIR
by Zhang et al. were determined to be capped by glutathione
bound via free amine groups.70 Reduced glutathione has both
thiol and amide groups for coordination with Au0. The
oxidation of glutathione results in a disulfide bridge between
the thiols of two glutathiones,50 leaving the sulfur atoms more
sterically hindered than the nitrogen atoms. Therefore, if
glutathione were indirectly involved in the reduction of Au3+ to
Au0, linkage of glutathione to AuNPs through nitrogen atoms
would not be unexpected.

Impact of Initial Conditions on AuNP Biosynthesis.
Algal cells respond uniquely to each incubation condition, as
verified by TEM, SEM, UV−vis, and SERS spectral imaging
data showing dissimilar particles for each condition, a finding
also observed elsewhere.9,76 SERS spectral maps of the 0.15
mM HAuCl4 samples at pH 3 displayed large islands of SERS
signal that did not directly correlate with the cells shown in the
simultaneously collected optical images (Figure 4). This result,
along with the observed UV−vis LSPR absorbance, supports
the hypothesis that a significant portion of the SERS active
AuNPs in the 0.15 mM HAuCl4 samples at pH 3 were
extracellular. At pH 8 for the same initial concentration, the
SERS signal also does not spatially correlate with the algal cells,
indicating external particles; however, the dimensions of the
SERS signal spots are inconsistently shaped and sized, a finding
contrary to all other incubation conditions examined. The
polydispersity of external AuNPs for the 0.15 mM HAuCl4
sample at pH 8 may explain the lack of a UV−vis LSPR
absorbance peak (i.e., an insufficient concentration of any single
particle size to produce a detectable LSPR band). At the higher
HAuCl4 concentration (0.5 mM), the SERS spectral images
closely match the optical images because the SERS active
AuNPs are intracellular (Figure 4). This finding is also apparent
in the 3D SERS cellular images available online. The
intracellular AuNPs at 0.5 mM HAuCl4 grew large enough
during the 72 h incubation for the LSPR bands to occur near
the 785 nm Raman laser wavelength, thus producing the
observed SERS signals. SERS chemically images AuNPs within
cells with minimal user effort to complement electron
microscopy images.
Peak identifications for the pH-controlled incubations at 0.5

mM and 0.15 mM HAuCl4 are shown for the most intense
clusters averaged for three cells, excluding SERS (Figure 4).
Similar peaks were typically observed for all conditions, with
intensity variability. The 0.15 mM HAuCl4 cells at pH 3 do not
have as high of a contribution of peaks from chlorophyll a or β-
carotene as the other incubations (Figures 4 and 5). This
finding is logical considering the extracellular nature of the
particles. Cell lysis would be required before extracellular
particles would be formed by or come into contact with
chloroplasts. The intracellular nature of the AuNPs formed at
0.5 mM HAuCl4 also explains the higher intensity of peaks at
1200−1300 and 1500−1600 cm−1, attributed to amide
vibrations of proteins, glutathione, or phytochelatin for the
0.5 mM HAuCl4 samples (Figures 4 and 5).41 The intracellular
environment typically has a higher concentration of proteins,
and phytochelatin is produced intracellularly.

Figure 5. Comparison of PC loadings with normal Raman (NR) and
SERS spectra of the algae, β-carotene, and glutathione.40,50,51 Algae
NR peak identifications are adapted from Wood et al.58 Additional PC
loadings are included in Figure SI-7 of the Supporting Information.
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■ CONCLUSIONS AND FUTURE OUTLOOK
The common, harmless, simple to grow, green algae P.
subcapitata produces AuNP in the presence of HAuCl4,
scavenging the noble metal and producing AuNP that associate
with algal cells. This first SERS cellular imaging study of
intracellularly biosynthesized AuNP produced by green algae
demonstrates the AuNP biosynthesis capabilities of P.
subcapitata as well as the utility of SERS spectral imaging for
documenting the location, size, surface-coating, and local
molecular environment of intracellular and extracellular noble
metal nanostructures. Sample preparation is much more rapid
and less invasive than electron microscopy, and chemical
images provide complementary data to existing nanoparticle
characterization techniques. The intracellular or extracellular
nature of AuNP is immediately apparent via SERS cellular
imaging, without the necessity of invasive multi-day cross-
sectioning for TEM analysis. Strategic Raman laser selection
targets the analysis to specific nanoparticle sizes.
Three-dimensional SERS cellular imaging produces large

quantities of data within minutes, such that PCA or cluster
analysis are necessary to quickly infer the most important
aspects of the large data sets. SERS spectra reflected vibrations
common to glutathione, β-carotene, NAD+, hydroxyquinolone,
chlorophyll, and proteins rather than the glutaraldehyde fixing
agent, saccharides, FAD, lipids, DNA, and others. Peaks varied
among incubations containing different initial HAuCl4
concentrations and pH, but SERS spectra were reproducible
across each single incubation condition. SERS will continue to
be a valuable tool for confirming suspected AuNP surface-
associated molecule identities. Understanding the interactions
between biosynthesized noble metal nanomaterials and their
local environment will improve overall understanding of these
systems such that they may be engineered to best fit the needs
of society.
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