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Modalities
Almost a decade ago, hyperspectral imaging (HSI) was employed by the NASA in satellite
imaging applications such as remote sensing technology. This technology has since been
extensively used in the exploration of minerals, agricultural purposes, water resources,
and urban development needs. Due to recent advancements in optical re-construction
and imaging, HSI can now be applied down to micro- and nanometer scales possibly
allowing for exquisite control and analysis of single cell to complex biological systems.
This short review provides a description of the working principle of the HSI technology
and how HSI can be used to assist, substitute, and validate traditional imaging technolo-
gies. This is followed by a description of the use of HSI for biological analysis and medi-
cal diagnostics with emphasis on single-cell analysis using HSI.
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Introduction

Nanotechnology applications are becoming omnipresent in a
variety of daily activities and research endeavors. For example,
investigating, fabricating, and modifying substances at the nano-
scale have helped advance and transform products ranging from
clothing/wearable technologies, bio-sensors, coatings with self-
healing capacities, energy storage and transmission, sports equip-
ment to computers. Concurrently, significant improvements in the
field of nano-imaging and analysis have vastly improved the
modalities in precision/personalized medicine, targeted drug
delivery systems and image-guided surgery. To further advance
these transformative activities precise and highly accurate probing
methods to detect, characterize, and measure distinct characteris-
tics of nanosubstances are required, apart from the currently avail-
able microscopy and spectroscopy technologies such as optical
microscopy [1], transmission electron microscopy (TEM), elec-
tron energy-loss spectroscopy [2], cryo-electron-microscopy [3],
atomic force microscopy (AFM) [4], scanning ion-conductance
microscopy, atom probe tomography [5], positron emission
tomography[6], scanning electro-chemical microscopy [7], X-ray
microscopy [8], linear and nonlinear vibrational spectroscopy [9],
mass spectrometry, Fourier-transformed infrared spectroscopy
and nuclear magnetic resonance imaging with paramagnetic metal
particles [10]. Microscopy technologies provide two-dimensional
intensity information at each pixel (x, y) of the images. On the
other hand, spectroscopy technologies provide averaged spectral
information (k) of the entire field of view. Hyperspectral imaging
(HSI) combines both of these modalities by providing intensity
and spectral information (x, y, k) at each pixel.

When a precisely deflected beam of light enters or impinges
upon a heterogeneous sample (for example, a surface or a biologi-
cal tissue or cell), various light-matter interactions such as scatter-
ing, absorption, and transmission takes place due to the intrinsic
radiative properties of the surface and/or the sample. These radia-
tive properties can be correlated to, and are intrinsic, to the multi-
ple multisized structures and/or organelles present within the

sample. The underlying principle of spectral imaging (e.g., HSI),
thus, is simple and straightforward: By quantifying the radiative
properties (reflectance in-homogeneities) for a given sample at the
subwavelength level, it should be possible to analyze and assess
characteristics of the system under investigation. Spectral imaging
is typically achieved by a combination of optical imaging with
specialized spectrographic attachments for data storage as well as
specialized software for data analysis [11]. Due to successive
advancements in optical simulation techniques and optics, spectral
imaging can now be translated down to macro- and nanoscales
and radiative properties collected across the entire electromag-
netic spectrum; such a system is termed as HSI. Specifically,
advances in dark-field imaging conditions enabled high contrast
and signal-to-noise ratio and consequently, an ability to focus
light on samples with high collimation even at oblique angles and
with controlled detection settings [12–14]. HSI enables precise
information (quantitative and qualitative) about various surfaces
and morphologies to be stored in the form of optical images.
These optical images consist of hundreds of pixels; each pixel is
stored as a three-dimensional (3D) hypercube data set containing
information on two spectral dimensions and one spatial dimension
[15,16]. Ideally, the hypercube data from the entire electromag-
netic spectrum in visible-near infrared range are stored using an
imaging spectrophotometer. The stored data can then be compared
and cross-correlated with previously obtained reference spectral
libraries to develop protocols for precise and quick analysis of
micro- and nanomaterials. Additionally, by integrating HSI with
other imaging techniques, one can produce complimentary data;
for example, in combination with fluorescence microscopy, one
can also obtain information about chemical changes or by solely
using light for quantification without any additional probes, one
can develop noninvasive medical diagnostic platforms as well as
image guided surgical techniques [15].

This review is organized to give a brief description of the oper-
ating principles and the limitations of HSI as well as a description
of the various components within a typical HSI system. This is
followed by an overview of the optical properties of biological
systems along with a brief survey of the current diagnostic modal-
ities for biological imaging/medical diagnostics. A comparative
analysis of HSI and conventional diagnostic platforms/methods is
then presented. The review then concludes with summary and
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future directions for single-cell analysis and medical imaging
applications of HSI.

Hyperspectral Imaging: Operating Principles,

Hardware, Software, and Limitations

Traditionally, the following spectral ranges have been defined
for various imaging techniques: ultraviolet (200–400 nm), visible
(400–780 nm), near-infrared (780–2500 nm), and mid-infrared
(2500–25,000 nm), as shown in Fig. 1. Figure 1(a) depicts some
of the major differences between various imaging modalities:
monochrome, RGB, spectroscopy, multispectral, and hyperspec-
tral imaging. Monochrome collects light interacting with a sample
at a single wavelength, RGB at three distinct wavelengths (red,
green, and blue) as well as information on the location (spatial)
from which the light is being collected while spectroscopy allows
a full range of wavelengths to be collected but not the location,
while multispectral imaging or HSI allows a full range of wave-
lengths to be collected as well as location information [15]. How-
ever, multispectral imaging has a spectral resolution greater than
10 nm and the number of spectral bands are limited from three to
ten spaced bands while commercially available HSI systems have
a finer resolution (<5 nm) with spectral bands numbering from
tens to hundreds in a continuous range (as shown in Fig. 1(a)).
The differences between HSI and RGB are illustrated in Fig. 1(b),
which depicts light reflectance curve of a single pixel from an
arbitrary sample imaged using both these methods. The hyper-
spectral image contains information in a continuous visible near-
infrared spectrum compared to the intensity curve from RGB
imaging that provides data centered at only three prominent

wavelengths. The additional spectral information contained with
the continuous hyperspectral image can be utilized to more accu-
rately analyze and understand micro- and nanoscale features that
are not feasible using the discrete RGB imaging dataset [15–17].
Additionally, HSI, unlike other spectral imaging methods, collects
and processes information from across the entire electromagnetic
spectrum [11–14,18–21]; see Fig. 2 for a schematic diagram of a
typical HSI system. The various hardware components of a typical
HSI system are as follows:

(i) a light source, to illuminate the sample and depending on
the application, is either a light emitting diode or a halo-
gen bulb or a tunable laser. The source image is elimi-
nated by passing the light through light-guide and the
image is further reflected inside a light adapter.

(ii) a high-resolution light collimator or adapter.
(iii) a visible and hyperspectral spectrometer or detector

array, which is situated at the focal point in the HSI setup
and receives and converts the electromagnetic energy
into electrical signals for hyperspectral image formation.
Charged-coupled devices (CCDs) are widely used as
detector arrays and are mainly made up of materials like
silicon, indium gallium arsenide, mercury cadmium tellu-
ride, and indium antimonite. A cooling system is typi-
cally attached to the CCDs to reduce thermal vibrations
and to minimize dark-current noises. Other detector
arrays used in HSI systems are photo-multiplier tubes
and metal oxides [15].

(iv) a stage that commonly includes an optical microscope or
a Fourier transform spectrometer and/or a Raman imag-
ing system.

Fig. 1 (a) Schematic showing the features of monochrome, red-green-blue (RGB), spectroscopy, multispectral, and HSI [17].
As shown in the figure, both spectroscopy and HSI can store wavelength information over the entire spectrum. However, spec-
troscopy cannot provide precise spatial (location within the sample) information. RGB imaging does not allow for spectral
information at all (information across multiple wavelengths) and is insensitive to components that are at different wavelengths
than red (630 nm), green (545 nm) and blue (435 nm) but does enable spatial information. Spectroscopy allows for spectral
information to be gleaned but doesn’t allow for spatial information. HSI (300–2600 nm) can collect spatial, spectral, multicom-
ponent while being sensitive to a variety of different wavelengths or components. (b) Detailed comparison showing the differ-
ences between HSI and RGB imaging [15]. The figure depicts light reflectance curve of a single pixel from an arbitrary sample
imaged using hyperspectral spectroscopy and RGB imaging. The hyperspectral image contains information in a continuous
visible near-infrared spectrum compared to the intensity curve from RGB imaging that provides data at only three prominent
wavelengths. The additional spectral information contained with the continuous hyperspectral image can be utilized to more
accurately analyze and understand micro- and nanoscale features that are not feasible using the discrete RGB imaging data-
set. The caption text refers to online color version of the figure.
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(v) an optical dual mode fluorescence module coupled with
an optical imaging camera and other lens/slit combina-
tions for bright-field and dark-field analysis.

(vi) several light dispersive elements such as prism-grating,
monochromatic lens, or optical filters. These elements
disperse incident white light into its constituent color
spectrum and project the spectrum onto the detector
arrays.

(vii) Different HSI image capture schemes are implemented in
commercial microscopy systems. These HSI image cap-
ture schemes are classified as whiskbroom (spatial or
point scan), push broom (line scanning), staring (spectral
scan), and snapshot (no scan) and are shown in Fig. 3. A
more detailed description of these approaches can be
found in the following excellent Refs. [22–25]. All these
hyperspectral data cube acquisition strategies affect the
light throughput and image acquisition time. For exam-
ple, the snapshot will be the fastest one as it captures the
whole data cube in a single acquisition. Table 1 summa-
rizes the mode of data acquisition for various HSI sys-
tems and their medical applications.

(viii) Software for the hyperspectral imaging system is highly
specialized. For example, the number of scan lines and
the RGB default bands are user defined in accordance
with the desired field of view and the sensitivity of the
application. In general, 200–300 lines are sufficient for
single cell imaging. Proprietary imaging software pro-
vides an easy to use interface to enhance acquired images
and to improve the signal-to-noise ratio by filtering end
wavelengths. Spectral data of each pixel or for a

collection of selected area pixels as well as that of an
entire image can be stored in the spectral library for fur-
ther analysis. Ideally, the imaging software should also
provide a normalizing procedure to filter out spectral
irregularities, loss of information, and to account for false
information due to effects of fiber optics cables, camera,
and the spectrograph. The most important function
embedded within the imaging software is the single angle
mapper (SAM) or spectral angle mapping function. As
described in the CytoViva system user manual, the SAM
method determines the distance from the origin to the
intensity of light registered in each band of the known
spectrum (such as control or reference sample) and the
unknown spectrum (target sample under probe) and
stores this as an N-dimensional vector(s). The direction
of these vector(s) is a unit vector in the N-dimensional
space representing the unknown as well as the reference
spectrum. The angle between these two unit vectors one
obtained from the sample and another from the reference
is a measure of spectral match or mismatch between
them. Thus, by analyzing the data cube and comparing
the spectrum at each pixel from different samples, one
can deduce similarities and differences between samples
and subsequently, if baseline (reference) libraries are
available, precise, and quantitative analysis of the sam-
ples can also be performed with the purpose of finding
objects, identifying materials, or detecting processes.

Table 2 provides a summary of the current commercially avail-
able HSI systems. Briefly, spectral resolution below 1 nm can be

Fig. 2 The various components in a CytoViva HSI system [14]. Briefly, the com-
ponents are (i) a light source; (ii) a high resolution light collimator or adapter; (ii)
mirror(s) to generate plane-polarized light or light dispersive elements to dis-
perse incident white light into its constitutive spectra; (iii) a microscopy stage for
the specimen; (iv) an optical module for bright- and dark-field analysis; (v) visible
and near infra-red spectrometer to collect and convert electromagnetic energy
into electrical signals for image formation; (vi) an image capture modality (see
Fig. 3) and (vii) computer for data collection and software analysis (not shown).
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achieved using hyperspectral imaging systems from P&P Optica,
Photon Etc., Gooch & and PARISS. Other commercially available
HSI systems include Montana-based Resonon and Alabama-based
CytoViva both of whom offer resolution of �2 nm while the San
Diego-based Surface Optics Corporation has a lower resolution of
�4 nm. Irrespective of the resolution of these systems, all of these
systems are capable of assessing subcellular components (at

submicron scales). Thus, there is no relative advantage or disad-
vantage between these systems for single cell analysis. However,
P&P Optica offers wider spectral range from 350–2500 nm (i.e.,
the spectrum of visible and near-infrared) while the other three
systems have a range within visible and some part of near-infrared
region (i.e., between 360–1000 nm). Although it should be noted
that the spectral range of those system can be increased by

Table 1 A summary of various HSI systems and their medical applications

Mode of acquisition Medical application Spectral range Measurement modality Ref.

Staring Wound 400–720 nm Reflectance [26]
Staring 500–600 nm Reflectance [27]
Push broom 530–680 nm Transmission [28]
Staring 400–1100 nm Reflectance [29]
Staring Cancer 400–720 nm Reflectance [30]
Staring 450–950 nm Reflectance [31]
Push broom 1000–2500 nm Reflectance [32]
Staring 450–700 nm Reflectance [33]
Staring 440–640 nm Fluorescence and Reflectance [34]
Staring 330–480 nm Fluorescence and Reflectance [35]
Push broom Skin 400–2500 nm Reflectance [36,37]
Push broom 365–800 nm Transmission [38]
Staring Nerves 550–1000 nm Transmission [39]
Staring Dental 900–1700 nm Reflectance [40]
Push broom Laryngeal disorders 390–680 nm Reflectance [41]
Push broom Heart 410–1000 nm Reflectance and fluorescence [42]
Push broom Intestine 400–1700 nm Reflectance [43]
Snapshot Eye 450–700 nm Reflectance [44]
Staring Blood Vessel 400–720 nm Fluorescence [45]
Staring Crevice 200–700 nm Fluorescence and Reflectance [46]

Fig. 3 Schematic showing different approaches used for HSI [17]: (a) Whiskbroom, (b) push broom, (c) staring, (d) snapshot.
Briefly, the dispersive element for whiskbroom, push broom, and snapshot is either a prism, a grating, or a prism gating prism
while for spectral scan, it is a tunable filter or an interferometer. The wavelength range is wide for whiskbroom, push broom,
and snapshot while it is medium for staring. The wavelength selection is partial for both whiskbroom and push broom and
complete for staring and unavailable in snapshot. The spectral resolution is high for both whiskbroom and push broom while
it is low for snapshot and medium for staring. Whiskbroom and staring are hyperspectral while snapshot is multispectral. The
throughput is high for whiskbroom, push broom, and snapshot and low for staring. The data cube collection is relatively long
for both whiskbroom and push broom while it is short for staring and fast for snapshot. However, the complexity is high for
whiskbroom and push broom while it is simple for staring and medium for snapshot. The associated costs are low for both
whiskbroom and push broom, medium for snapshot, and high for staring.
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changing the Si-based detector to InGaAs detectors for the short-
wave infra-red regions. The wider spectral range should theoreti-
cally enable more information to be gleaned from the system but
the accompanying complexity in data analysis should also be
noted. The light source used in the system from Photon etc. is a
laser compared to halogen light sources offered in most other sys-
tems. Norway headquartered Norsk Elekto Optikk offers rela-
tively different illumination mode consisting of a light emitting
diode source. CytoViva hyperspectral imaging system is compara-
tively newer and has been most widely used in recent research
studies [47]. The relative advantages and disadvantages of these
systems are dependent on the choice of specific applications as
well as the availability of references libraries for data analysis, all
of which can affect the overall cost of the system.

Single-Cell Analysis and Medical Imaging Applications

for Hyperspectral Imaging

Although individual cells in a particular organ, tissue, or cell
culture may be morphologically and genetically identical, they are
heterogeneous in nature. Study of single cells will enable the anal-
ysis of cell-to-cell variations within a heterogeneous population.
These variations are important for further analysis and under-
standing of disease propagation, drug development, stem cell dif-
ferentiation, embryos development, and how cells respond to each
other and their environment. Some of the most commonly used
single-cell imaging techniques include differential interference
contrast (DIC), scanning electron microscopy (SEM), AFM, laser
scanning confocal fluorescence microscopy, fluorescence cross-
correlation spectroscopy (FCCS), and matrix-assisted laser
desorption/ionization-mass spectrometry (MALDI-MS) [48–54]
(Fig. 4). The primary advantage of HSI over these techniques is
an ability to allow for a more accurate segmentation and classifi-
cation of the acquired image. For example, in cellular imaging,
taking into account only monochromatic color change to detect
abnormalities is always not enough as certain bio-phenomena
might not produce significant optical contrast. HSI offers a signifi-
cant advantage by storing the value of an entire spectrum within
one single pixel in the image along with the precise spatial (loca-
tion) information. As is well known, biological cells are composed
of different subcellular level organelles varying in size that ranges
from a couple of nanometers to a few tens of microns. Scattering
and absorption of light from each of these minor components are
mainly dependent on their molecular composition. Refractive
index of the components such as fatty acids which find a match
with index of HSI microscope objective lubricant show extremely
redundant high-noise spectra whereas organelles such as mito-
chondria are the dominant scatters. Scattering spectra variation
from the cellular walls is mainly due to structural formation
against molecular composition [15]. Hence, the absorbed, scat-
tered, and transmitted light from the biological sample captured
by HSI at a resolution less than 50 nm can capture spectral data
from minute components of a single cell. This facility is not possi-
ble to achieve in spectroscopy, RGB or monochrome.

As noted earlier, a primary requirement for the use of HSI is a
reference library (or prior knowledge of the optical-radiative prop-
erties of control samples). Fortuitously, an extensive body of sup-
porting literature exists to describe the optical properties of
biological samples (such as absorption and scattering in tissues,
fluorescence anisotropy, diffused scattering, refractive index mod-
ulation within cells) and their properties/values have been exten-
sively studied and tabulated [55–57]. An excellent review by
Jacques [58] calculates the anisotropy, g, to characterize the effec-
tive scattering in tissues in terms of optical absorption coefficient
(la), average hemoglobin concentration in the tissue, scattering
coefficient (ls), and angle of scattering (p(h)). Jacques [58] argues
that “generic tissue” properties may be adequate, but not sufficient
to address subject specific, temporal, and variations between
patients. Thus, accurate prediction(s) will necessitate real-time
optical property quantification when working on individual
patients as well as in analyzing the in vitro response of cell popu-
lations, a task which HSI is uniquely qualified to accomplish.

Extensive literature exists for single-cell analysis of cancer cells
and tissues. Here, we will focus on the monitoring and quantifica-
tion of stem cell functionality, viability, and/or differentiation.
Controlled differentiation and maintaining the purity of differenti-
ated cells are two of the most important challenges today in stem
cell research. For example, it is important to monitor stem cell dif-
ferentiation carefully for clinical application as undifferentiated
implanted cells may lead to teratomas. Routinely used methods
include cell staining and flow sorting techniques; cell staining can
be tedious, laborious, and error-prone if improperly handled or
assessed, while cell sorting techniques are quite fast and quantita-
tive but are population/average based and are unable to capture
cell to cell variations and spatial variations within the cell sample.
Additionally, due to photo-bleaching and photo-stability issues,
the cell-sorting technique cannot readily be translated for use with
long-term cell differentiation studies. Both these techniques, cell
staining and flow methods are also damaging and rate-limiting
processes, i.e., cells utilized for these assays are treated as waste
materials and unable to be processed further. Thus, additional
matching and duplicate/representative samples need to be pre-
pared for parallel biological assays (e.g., ribonucleic acid, comple-
mentary deoxyribonucleic acid analysis) studies. For example, to
monitor the progression of osteogenesis in stem cells, at different
time points, requires multiple cell cultures with a concomitant
reduction in efficiency and an increased use of costly operational
resources [59].

In general, spectroscopy-based techniques are also ideally
suited to address the challenge of stem cell sorting and to ensure
their purity (see Fig. 5 for some examples of label-free imaging of
single cells using Raman spectroscopy). Currently available and
magnetic bead-based cell sorting assays are limited and cell spe-
cific, and suboptimal for therapy. Hence, there is a need to
develop techniques that are noninvasive, sensitive, easy to use,
and rapid, to analyze single cells as well as to monitor or sort through
a population of cells. Specifically, an HSI-based spectroscopic map-
ping method has the potential to rapidly and noninvasively monitor

Table 2 A summary of the current commercially available HSI systems

Commercially available
hyperspectral imaging systems

Spectral
resolution

Illumination source
for the HSI

Spectral
range Software Origin

Bayspec <5 nm — 600–1000 nm ENVI California, USA
CytoViva 2.0 nm High intensity halogen 400–1000 nm ENVI Alabama, USA
Gooch & Housego 0.6 nm Halogen 400–1000 nm l-Manager Ilminster, United Kingdom
Norsk Elektro Optikk 3.7 nm LED 400–2500 nm — Skedsmokorset, Norway
PARISS 1 nm Application based 365–920 nm PARISS USA
P&P Optica 0.1 nm Halogen 350–2500 nm PPO IRIS Ontario, Canada
Photon Etc. 0.2 nm Tunable laser 400–1000 nm PHySpec Montreal, Canada
Resonon 2.1 nm Halogen 350–1700 nm SpectrononPro Montana, USA
SPECIM 2.8 nm Application based 400–1000 nm SpecSensor SDK Oulu, Finland
Surface Optics Corporation 4.68 nm Halogen 400–1000 nm SRAnalysis California, USA
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Fig. 4 Conventional cell imaging approaches. Images of CHO cells using (a) DIC [51]. DIC is an optical microscopy methodol-
ogy based on beam-shearing interference system, i.e., optical rays illuminated at oblique angles create interference patterns
to generate 3D images. Unlike HSI, DIC does not capture the surface (or spectral) variations between samples. (b) SEM [52].
Compared to HSI, SEM is an expensive electron gun-assisted imaging technique and suffers from sample distortion and bio-
logical vaporization due to the high voltage current applied. (c) AFM. Contact or noncontact probes in AFM do generate pre-
cise results for relatively hard surface topography but the probing pressure has the potential to alter results obtained on
biological membranes due to their soft and pliable nature. Additionally, interior (subsurface) abnormalities and dynamic phys-
iological process are hard if not impossible to quantify using AFM methods. (d) Laser scanning confocal fluorescence micros-
copy (LSCFM) [52]. Unlike HSI, living specimens for LSCFM require special care. Additionally, LSCFM can generate false
labels when the specimens are sensitive to fluorophores and photobleaching and also result in weak signals due to low con-
centration of fluorescent markers limiting the scanning probe data. (e) FCCS to perform single-cell analysis to monitor the
dynamic motion of biomolecules [53]. Unlike HSI, FCCS cannot capture both location (spatial) and surface (spectral) informa-
tion, and data can only be obtained in a limited region potentially missing vital information at other locations within the sam-
ple. (f) Image of 3,30-Dihexyloxacarbocyanine iodide [DIOC6(3)] inside a single cell using MALDI-MS [54]. Although. MALDI is
an excellent tool to understand the chemical composition of cellular components, the sample preparation method is rather
involved and cumbersome. MALDI also does not enable repeated measurements from the same sample due to laser vaporiza-
tion of the sample during the measurement process and also does not allow in vivo analysis. The interested reader is referred
to the cited references for further details on the imaging modalities.

Fig. 5 Label-free imaging of single cell using Raman spectroscopy. (a) Raman scattering images of unstained living HeLa
cells at 753 cm21 (showing cytochrome c), 1686 cm21 (showing protein), and 2852 cm21 (showing lipid). The fourth image is an
overlay image merging intracellular distribution of cytochrome c, protein, and lipid colored as green, blue, and red channels,
respectively. The excitation laser wavelength was 532 nm [60]. The authors demonstrated an easy to construct Raman micro-
scope with high resolution as well as dynamic surface imaging. (b) Comparison of Coherent anti-Stokes Raman scattering
imaging and Oil Red O stained images for adipogenic differentiation of skeletal stem cells (SSCs). SSCs were cultured in adi-
pogenic media for 1, 3, 7, and 14 days. Scale bars correspond to 20 lm. Coherent anti-Stokes Raman scattering provided a
chemically selective and label-free approach as well as higher sensitivity toward detection of small lipid droplets (blue) [61].
This study demonstrated an enhanced resolution and early analysis of adipogenesis in SSCs as well as delineating the lipid
droplet changes within the stem cell. The caption text refers to online color version of the figure.
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cell differentiation. The usage of spectroscopy-based techniques
will also allow for a direct correlation between the osteogenic
(mineralization) data and ribonucleic acid/complementary deoxy-
ribonucleic acid analysis. This capability has the potential to sig-
nificantly improve the robustness and sensitivity of cell
differentiation studies. In addition, by combining microfluidic
devices and technologies to the spectroscopy-based techniques,
the HSI system can achieve high-throughput screening as well as
sorting-based assays [60–63].

Vermaas et al. [20] combined fluorescence and a label-free
Raman spectroscopy technique (resonance Raman scattering) to
visualize carotenoid within the cell wall and the membranes
of live photosynthetic (Synechocystis) cells. Vermaas et al. [20]
utilized the hyperspectral confocal fluorescence imaging system
along with multivariate curve resolution (MCR) algorithms
to achieve a spatial resolution that is diffraction-limited (� 250
� 250� 600 nm). Vermass et al. [20] were then able to distin-
guish and analyze the maximum intensity of the fluorescence
spectrum that was only 10–15 nm apart and also illustrated the
confidence level of multivariate data by analyzing the signal-to-
noise ratio of the experimental data as well as the level of the
agreement between the experimentally collected and the simu-
lated spectra. Thus, this MCR based approach by Vermaas et al.
[20] allowed for a thorough analysis of each fluorescent compo-
nent and their intensities compared to each other within a single
cell in three dimensions. Interestingly, Haaland and Thomas [64]

suggest an improvement over the MCR algorithm by using par-
tially constrained models instead of the fully constrained MCR
models used by Vermaas et al. [20]. Haaland and Thomas [64]
applied the new partially constrained algorithm to fixed lung epi-
thelial cells as well as to images of mercurochrome-stained endo-
sperm portions of a wild-type corn seed and showed improved
interpretability of the results. Thus, careful attention to the modal-
ities of the MCR algorithms is required when analyzing the hyper-
spectral imaging data [65].

It is worth mentioning that, besides HSI, other spectroscopy
techniques are also capable of doing single stem cell analysis with
high spatial (x, y) resolution. Here, we will mention two of those
techniques such as nonlinear Raman spectroscopy imaging
(Fig. 5(b)) and surface plasmon resonance (SPR) imaging (Fig. 6).
Those two techniques are chosen here as they are capable of per-
forming video-rate acquisition similar to HSI. Wang et al. [66]
presented a new label-free technique called electrochemical
impedance (EIM) based on SPR. SPR are surface waves at a
metal/dielectric interface due to the collective oscillation of free
electrons, reported first by Wood in 1902 [67]. Subsequently, in
1968, both Otto [68] and Kretschmann and Raether [69] showed
that SPR can be generated on a glass–metal interface using two
different configurations. In the Otto’s configuration, the thin metal
film is separated from the glass block (prism) through which light
with a precise wavelength and incident angle can undergo total
internal reflection to generate SPR. In the Kretschmann and

Fig. 6 Impedance images of a human cervical cell using SPRi and electrical impedance
microscopy (EIM)—see text and Wang et al. [66] for further details. (a) Bright field (b) SPR
(c) EIM at 0 min (top row), 30 min (middle row), and 75 min (bottom row) after apoptosis
treatment. EIM is a label-free, noninvasive imaging methodology with high spatial and tem-
poral resolutions and provides localized impedance information not previously available
[66]. (d) Schematic illustration showing the evanescent field of SPRi mainly localized near
the bottom portion of a cell. (e) Simulated EIM (top) and SPR (bottom) images.

Journal of Biomechanical Engineering FEBRUARY 2018, Vol. 140 / 020802-7



Table 3 A summary of the single cell analysis/applications using HSI modalities

Medical
application Study

Cell-line
used

Equipment
and mode Software

Spectral
range

Band/spectral
wavelength Resoln. Label Ref.

Alzheimer’s
disease

Amyloid
aggregates

Human neuroblas-
toma cell line, SH-

SY5Y

CytoViva Hyper-
spectral Micro-

scope -
Transmission

ENVI 4.4 400–1000 nm 450–580 nm 2.5 nm No external label-
Internal- N-

terminal fluores-
cein isothiocyanate

[14]

Epigenetic
screening (gene
expression and
genome stability)

Quantity of
5-carboxylcytosine

(5caC)

Human breast ade-
nocarcinoma cell
line MCF-7, pri-

mary glioblastoma
multiforme cell
line SF767, and

cervical cancer cell
line HeLa

Home-built: Olym-
pus BX51; Cyto-
Viva Condenser;

CCD Spectrograph

NA 350–900 nm AuNPs 537-
555 nm & AgNPs

419 nm

0.5 nm 30 nm Au & 20 nm
Ag nanoparticles

functionalized with
anti-body

[12]

RBC 8 Erythrocyte
constituents

EDTA treated
whole blood

CytoViva Hyper-
spectral

Microscope

ENVI 4.4 400–1000 nm 500–675 nm 2 nm No label [13]

Parkinson’s
disease

Cellular iron Neuroblastoma
dopaminergic cells

(SHSY5Y)

CytoViva Hyper-
spectral Imager

CytoViva Imaging,
t-test SPSS19

600 nm Near 500 nm 40–90 nm No external label-
Internal label-
Fe2þ to Fe3þ

[18]

Pigment localiza-
tion and
organization

Chlorophyll, phy-
cobilins, and
carotenoids

Cyanobacterium
synechocystis PC

6803

Hyperspectral con-
focal fluorescence

microscopy,
488 nm Laser

MATLAB, Cþþ 500–800 nm 500–750 nm 1–500 nm and
3–800 nm

PC, APC and
APC-B

[20]

White blood cells
(WBC)

Active and Inac-
tive neutrophils
differentiation

Neutrophil
granulocytes

CytoViva Hyper-
spectral

Microscope

ENVI 4.4 400–1000 nm 520 nm, 600 nm,
620 nm

2.5 nm No label [19]

Cancer diagnosis Differentiating
noncancerous and

cancerous cells

Noncancerous
human fibroblasts,

cervical cells,
squamous cells,
carcinoma cells

Nikon Eclipse 800,
V100 Hyperspec-

tral Camera
System

ITD Hyper-Visual
Software

400–1000 nm 470–690 nm 2.5 nm Hematoxylin and
eosin

[76]

Dynamic imaging
of live cells

Trafficking mecha-
nisms of the epi-
dermal growth
factor receptor

A431 keratinocytes Leica DM6000 and
SPOT Pursuit XS

Camera

Cþþ 450–750 nm 531–561 nm,
554–594 nm,
553–641 nm

— Anti-EGFR Gold
nanoparticles

[77]

Novel antifungal
agents

Detecting antifun-
gal efficacy of

metal nanoparticle

Candida albicans
cells and hyphae

Cytoviva Hyper-
spectral Micro-
scope And Leitz

LaborLux S Flour-
escence

Microscope

AutoQuant X soft-
ware v 2.0

400–100 nm — 90–100 nm Metal
nanoparticles

[78]

Cancer diagnosis 3D Imaging of
localized surface

MDA-MB-231
cells (human

Nikon Eclipse Ti
Microscope with

LabView 400–1000 nm 563–575 nm 2.5 nm Anti-CD44-PEG
conjugated gold

[79]
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Table 3 (continued)

Medical
application Study

Cell-line
used

Equipment
and mode Software

Spectral
range

Band/spectral
wavelength Resoln. Label Ref.

Anti-bodies Breast cancer
cell-line)

ORCA-R2 Camera nanoparticles

Cellular imaging
and therapy in can-
cer and
atherosclerosis

Uptake of supra-
magnetic nanoclus-

ters by
macrophages

Macrophages PARISS Hyper-
spectral Imaging

System

— 300–780 nm 532 nm, 730 nm,
755 nm

2.5 nm Iron oxide and
gold nanoclusters

[80]

Cellular imaging
applications

Cytotoxicity reduc-
tion of CTAB-
Gold Nanorods
using pluronic

Oral squamous
cell carcinoma

cell-line

Nikon Eclipse 80i
with Hyperspectral

Camera Module

— 400–800 nm 600–700 nm — Pluronic coated
CTAB-Gold

Nanorods

[81]

Ultrasensitive bio
imaging
applications

Gold Nano spheres
and Gold Nanorods

formulations

Oral squamous
cell carcinoma

cell line

Nikon Eclipse 80i
with hyperspectral
Camera Module

Spectral Cube And
ENVI 4.6þIDL 7.0

400–1000 nm 400–550 nm,
550–700 nm

2.8 nm Anti-EGFR
Antibody-

conjugated Gold
Nanospheres and
Gold Nanorods

[82]

Sugar beet diseases The detection of
Cercospora leaf-

spot, powdery mil-
dew and sugar beet

rust

Sugar beet leaves Optical Micro-
scope with

ImSpector V10E

Spectral cube and
ENVI 4.6þIDL 7.0

400–1000 nm 400–550 nm,
550–700 nm

2.5 nm No label [83]

Photo-thermal
tumor ablation

Irradiation of
nano-aggregates to
produce heat kill-
ing cancer cells

MDA-MB-231
cells

Cytoviva Hyper-
spectral System

ENVI 4.4 400–1000 nm 550 nm, 785 nm 2.5 nm Nanoparticles [84]

Oxygenation and
hypoxia in tumor
growth and
angiogenesis

Micro-vascular
tumor oxygen

transport

4T1 mouse mam-
mary carcinoma

cells

Zeiss Axioskop 2 LabVIEW 400–720 nm 500–575 nm,
580–630 nm

— GFP and RFP [45]

Breast tumor
diagnosis

Distinguish
between tumor and

normal tissues

Rat mammary
gland tumor cells

MHSI Workstation
with Kodak CCD

MATLAB and SAS
version 9

450–700 nm — 10 nm, 5 nm
between 500-

600 nm

No label [33]

Semi-quantitative
Analysis of Hyper-
spectral Imaging

Synthetic nanopar-
ticle uptake by

Protozoa

Tetrahymena
thermophila

Cytoviva Hyper-
spectral Micro-
scope with dual

mode fluorescence
(DMF)

ENVI 4.8, R ver-
sion 3.01, and

ANOVA

400–1000 nm 521–547 nm,
641–677 nm,
635–651 nm,
660–710 nm,

432 nm,
791–829 nm

2.5 nm Au, Ag, TiO2, CuO
nanoparticles

[85]

Prostate cancer
detection

Classification of
prostate tumor

tissue

CWR22 cancer
cells

CRi Camera
Systems

LS-SVM 450–950 nm — 2 nm Hematoxylin and
Eosin

[31]
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Raether’s setup, the thin metal film is evaporated on to the glass
block (prism) through which light with a precise wavelength and
incident angle generate SPR. SPR is highly sensitive to refractive
index changes and hence can be utilized as a sensor. However, the
effectiveness of SPR lies within the penetration depth of the evan-
escent wave (typically� 200 nm). The EIM method developed by
Wang et al. [66] is based on the inter-dependence between SPR
and the surface charge density as opposed to changes in refractive
index resulting from the molecular binding process [70]. By
simultaneously recording the optical, SPR, and EIM images,
Wang et al. [66] studied the induction and progression of cellular
apoptotic events in the human papilloma virus 16 infected cervical
SiHa cell line (see Fig. 6) as well as electroporation in individual
adherent cultured mammalian cells. Wang et al. [71] then imaged
the cell–substrate interaction on a single cell with a resolution that
is finer than the dimension of a cell. By varying the osmotic pres-
sure from 300 mOsm to 350 mOsm (achieved by varying the con-
centration of mannitol in solution), they measured the associated
SPR intensity changes. By postulating that the larger displacement
obtained from the SPR intensity changes signifies smaller adhe-
sion strength, they mapped the local adhesion strength of the cell
to the substrate. Thus, the EIM method allowed Wang et al. [66]
to monitor with submicron spatial resolution the dynamics of apo-
ptosis and electroporation of individual cells with millisecond
time resolution.

Current SPR imaging (SPRi) is typically achieved by scanning
the laser and collecting the surface plasmon wave light using a
microscope objective. SPRi can be generated through evanescent
wave coupling of prism excitation or free wave coupling with
metallic nanostructures. Being a label-free imaging modality,
SPRi preserves the integrity of the cells and allows observation of
external and internal cellular processes (within a penetration
depth). So far, SPRi has been used for cell adhesion and basic cell
biology studies [72] and for rapid and accurate detection of bacte-
ria at low concentrations in health and food industries [73]. More
importantly, these studies provided statistically significant data
through the analysis of individual cells [74]. Thus, demonstrating
that SPRi is capable of providing high spatial resolution required
to perform single-cell level analysis as well as providing a wide
field of view to observe a statistically significant number of cells
concurrently within the analysis zone [75].

Building upon these early studies, recent advances in dark field-
based HSI techniques represent an encouraging analytical tool for
investigating objects that scatter efficiently (e.g., nanoparticles) in
bio-systems. As stated earlier, HSI is capable of combining imag-
ing with spectroscopy, thus allowing for the positive identification
of the location and distribution of unknown nanoparticles in vivo
or ex vivo [47]. Other advantages of using HSI systems over con-
ventional imaging techniques include minimal and nondestructive
sample preparation, rapid image acquisition and analysis, a rela-
tively cheap and cost-effective system, and the ability to deter-
mine the spatial distribution and identification of materials in
complex matrices (with known or custom-built reference libraries)
[47]. HSI has also been successfully applied to provide real-time
images of biomarker information and to analyze cell pathophysi-
ology based on the spectral resonance characteristics of relevant
tissues. Therefore, the use of HSI for medical diagnostics and
image-guided surgeries is on an upward slope. HSI has been
reportedly used for the diagnosis of peripheral artery disease, the
assessment of hemorrhagic shock, early recognition of dental
decay/cavities, faster classification of kidney stones, and in detect-
ing laryngeal disorders [76–87] as summarized in Table 3 and
also, briefly described below.

As it stands, HSI spectral imaging is sufficiently validated as a
modality for ex vivo Ab aggregate detection in mouse brain and
retina, in vitro screening of chemical entities for amyloidogenesis
modulatory activity [14]. These findings have served as the basis
for an extensive ongoing program on in vivo HSI imaging of live
mouse/human retina [88,89]. Taking advantage of the plasmonic
nanoprobes with characteristic localized SPR, Wang et al. [12]
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have demonstrated the capability of a dark-field HSI method for
quantification and mapping of multiple epigenetic marks at a resolu-
tion, which allows this analysis in single cells (Fig. 7). The dark-field
HSI was used for breaking the spatial diffraction limit and improved
the low signal-to-noise ratio associated with quantification of cyto-
sine modifications using fluorescence microscopy. Fluorescence
microscopy is one of the most widely used optical methods for in
situ visualization of biological molecules at the cellular and molecu-
lar levels. Compared with fluorescence microscopy, the dark-field
HSI approach suffers minimally from errors associated with auto-
fluorescence, photo-bleaching, and photo-toxicity [12].

Hyperspectral imaging has also been utilized to study the
dynamics inside a single cell. Chaudhari and Pradeep [90] demon-
strated the use of polarized HSI to track rotational dynamics of
gold nanorods inside live HEK293 cells. This study [90] provided
a method to assess and for improved understanding of the state
of an anisotropic nanostructure in complex environments (see
Fig. 8). These observations in three dimensions of intracellular
rotational dynamics of gold nanorods represented a new landmark
in single particle scattering spectroscopy [90]. Subsequently, Oh
et al. [18] visualized and quantified the distribution of cellular
iron using an intrinsic hyperspectral fluorescence signal to analyze
the physiological role of iron in nigra and its relationship to the
progression of Parkinson’s disease (see Fig. 9). The availability of
commercial software for analyzing hyperspectral images has sig-
nificantly enhanced the ease and access of HSI systems and expo-
nentially increased the number and variety of biological problems
that can be addressed. For example, Verebes et al. [19] obtained
unique spectral signatures of red blood cells (RBCs) while Mor-
timer et al. [91] examined the uptake of different metal-based
nanoparticles/quantum dots at concentrations in the ciliated proto-
zoan Tetrahymena thermophila.

In addition to the fast cellular dynamics study mentioned above,
HSI was also utilized to investigate drug delivery over a longer
time scale. Misra et al. [92] performed HSI imaging to quantify

and detect sub 30 nm phospholipid stabilized nanoparticles with-
out the use of a fluorophore. As shown in Fig. 10, the spatial and
temporal resolution permitted by HSI allowed Misra et al. [92] to
detect and quantify the delivery of drugs from these nanoparticle
carriers inside a three-dimensional MCF-7 breast cancer cells
(Fig. 10). Conti et al. [13] developed a protocol for imaging of
healthy RBCs using a dark-field HSI technique and developed a
specific spectral library to analyze the composition of RBCs (Fig.
11). As described by Conti et al. [13], the spectra correctly charac-
terized the erythrocyte components such as the membrane and
sub-membrane regions. Such precision in mapping cellular com-
ponents is promising for the future use of HSI for the analysis of
single molecules, small or large proteins, and the membrane phos-
pholipid assembly [13]. HSI has also been reported for the identi-
fication of stem cell subpopulations [93], diabetic tissue
diagnostics [94], and evaluating the condition of preimplantation
embryos [95]. Briefly, Gosnell et al. [93] detected genetic muta-
tions in cancer (or CD90 expression) using novel image process-
ing techniques along with a multispectral wide-field fluorescence
microscope while Khaodhiar et al. [94] demonstrated that HSI has
the capability to identify microvascular abnormalities and oxygen-
ation patterns in diabetic foot.

Authors of this paper are also currently employing cost-
effective and noninvasive imaging technology to study the differ-
entiation of human adult stem cells (ASCs) for regenerative
medicinal purposes. We have previously shown that ASCs iso-
lated from human adipose tissue can differentiate into osteoblasts,
chondrocytes, and adipocytes [96,97]. Briefly, we are currently
developing and refining a dark-field hyperspectral microscopy
technique for noninvasive monitoring of ASCs undergoing adipo-
genesis (at days 3, 6 and 9 of the culture process) and osteogenesis
(at days 7, 14 and 21 of the culture process). Our experimental
setup consists of a hyperspectral microscope from CytoViva
equipped with high intensity halogen light source and a patented
nanoscale illumination condenser. The system provides hyper-
spectral imaging in the visible near-infrared range (400–1000
nm). Spectral data are collected using spectrograph at room tem-
perature with the intensity count being adjusted to a value
between 1000 and 10,000. Each pixel has a spatial area of 25 nm2

and is exposed for 0.25 s in order to capture the entire visible
near-infrared spectrum. Light is projected at oblique angles using
the patented condenser in order to obtain fine scattering from all
the intercellular components with a resolution of� 2 nm. As
expected, our preliminary results suggest that compared to control
(nondifferentiated) stem cells, a higher degree of cellular hetero-
geneity is observed within the differentiated cell populations. In
particular, we observe the heterogeneous changes within the stem
cell morphology due to oil wells (deposition of fatty acids) during
adipogenic differentiation as well as the formation of calcium
deposits within ASCs undergoing osteogenesis. Biochemical spec-
tra exhibited from the walls of oil well and diffused deposition of
calcium is observed to be very distinct from the spectrum exhib-
ited by control stem cells.

Although the HSI systems described above have several advan-
tages over traditional imaging methods, there are some disadvan-
tages and restrictions that are intrinsic to the method. Some of
them are:

(i) substantial computing power is required to analyze and
collate large amount of spatial and spectral data.

(ii) constructing the reference spectral libraries can be time-
consuming especially in the initial stages of data gathering
and analysis. Additionally, it is not always trivial to create
reference libraries for in vitro and in vivo scenarios. For
example, since the scattering spectrum of the particle is
modified due to changes in its microenvironment such as
changes in acidity levels, dissolution characteristics, clus-
ter formation, and protein binding, the reference spectral
library generated under controlled reference conditions
might not be pertinent or relevant to dynamically changing

Fig. 7 Hyperspectral dark-field imaging using plasmonic
nanoprobes to quantify 5-carboxylcytosine (5caC) modification
on DNA in single cells [12]. The study by Wang et al. [12]
revealed the distribution of 5caC at different cell-cycle stages
and demonstrated that 5caC is an inherited epigenetic marker.
As stated by the authors, the hyperspectral dark-field imaging
efficiently removes scattering noises from nonspecifically
aggregated nanoprobes. The image shows the filter function
applied to: (a) Raw image (b) converted to spectrally mapped
images from 520–620 nm, (c) image of cell at a wavelength
above 635 nm, and (d) number of gold nanoparticle (shown as
green dots) inside the cell. The caption text refers to online
color version of the figure.
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conditions within tissues and cells [47]. Additionally, the
deconvolution and/or construction of characteristic spectra
for complex systems will require the development of spe-
cific and unique control systems. This inability to con-
struct specific and unique control systems will severely
limit the generation and realization of standard, univer-
sally applicable reference libraries [13,98].

(iii) HSI is slower than simple dark-field imaging. However,
HSI is still less cumbersome and rapid in comparison to

corresponding sample preparation time and analysis by
standard imaging methods like electron microscopy.
Finally, HSI does generate lower resolution images than
scanning probe microscopy-based techniques (such as the
AFM or electron-microscopy) and electron microscopy
based techniques (such as TEM). AFM and TEM are capa-
ble of resolving individual atoms, whereas the resolution
of HSI is typically limited to �200 nm; although HSI can
theoretically detect 10 nm individual particles [4].

Fig. 8 Study of 3D rotational dynamics of gold nanorods inside live HEK293 cells using CytoViva HSI system by Chaudhari
and Pradeep [90]. (a) Scattering spectra of a single gold nanorod attached on the cell membrane. The inset shows the corre-
sponding hyperspectral image. (b) Scattering spectra of the gold nanorod in (a) after being absorbed by the cell. The inset
shows the corresponding hyperspectral image. (c) Actual image of cell being monitored to study rotational dynamics. The
gold nanorod is marked with a square. Inset shows an enlarged view of the gold nanorod. Light scattered in the Z direction
was collected through analyzer, whose orientation is shown by yellow double arrow. (d) Time variation of scattering intensity
of the gold nanorod. Time scale corresponds to the axis of the graph shown below. Pink vertical bars show the region where
microscope focus was adjusted on the particle after it went out of the focal plane. (e) Time variation of width of gold nanorod
spot in two-dimensional Gaussian width of the gold nanorod. See Chaudhari and Pradeep [90] for further details. (f) Represen-
tation of gold nano particle path inside the HEK293 cell. Green arrow shows the time point from where temporal data of the
GNR is shown. Color of the trace corresponds to the time scale of graphs (D, E). Please note that the background image is just
to give a rough idea of the position of GNR inside the cell.
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Fig. 9 Hyperspectral fluorescence imaging of SHSY5Y cells containing iron from Oh et al. [18].
(a) Dark-field images of the SHSY5Ycells incubated with iron (specifically ferric ammonium
nitrate) for 1 h. The areas mapped with HSI are marked by colored boxes. (b) Spectral profiles
collected from each region shown in (a). Peaks are mainly observed between 450 to 650 nm. All
bulk iron areas have a peak absorbance near 600 nm, whereas the peak signal in the cells is
near 500 nm and the signal on the glass plate is almost zero. (c) Magnified or zoomed-in images
(173) of pixels containing HSI data from glass, cytoplasm, nucleus, and bulk iron.

Fig. 10 Application of HSI modality for mapping nanoparticle drug delivery from Misra et al.
[92]. (a) Three different conditions of carbon nanoparticle (CNP) encapsulated with drugs: drug
encapsulated CNP denoted as drug-CNP, doxorubicin encapsulated CNP denoted as prodrug-
CNP in the figure and SN2-lipase labile bexarotene prodrug passivated CNP denoted as lipid-
CNP in the figure. Lipid-CNP represents a control nanoparticle without inclusion of any drug.
(b) Molecular representation of prodrug-CNP. (c) Mapped spectral image containing information
about distinct materials exhibiting differently colored pixels for drug delivery in MCF-7 breast
cancer cells. (d) 3D representation of HSI on MCF-7 cells treated with drug-CNP for 4 h at 37 �C,
99% humidity and 5% CO2 environment. Localization of drug-CNP (red, white arrow) in 3D intra-
cellular space showing cellular building blocks as described by Misra et al. [92].
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Future Perspectives

In spite of all the progress, practical implementation of a system
to control the differentiation of stem cell and maintaining the
purity of the isolated cells remains a challenge [99–101]. There is
a need to develop multimodal imaging modalities, which can
simultaneously provide functional, morphological, and biochemi-
cal information of cells, scaffolds as well as extracellular matrix
components. Light microscopy and phase contrast microscopy
have the advantage of monitoring cells over a large time scale;
however, the methods are currently limited by the array of specific
chemical information related to cell activity and metabolism they
can provide. Hyperspectral microscopy-based imaging is shown to
be capable of performing single-cell level analysis. Further, hyper-
spectral microscopy provides intrinsic imaging contrast due to var-
iations in refractive index and cell thickness, which affects the
absorption, reflection, and scattering of light from the cells being
investigated. Efforts are being made to combine hyperspectral
microscopy with other modalities like Fourier-transformed infrared
and Raman spectroscopy to enhance the chemical specificity from
the imaging data. Other areas of interest include enhancing the
resolution and penetration depth of the hyperspectral microscopy to
better understand spatial variations within heterogeneous tissues.
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