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Abstract

A new multimodal confocal microscope has been developed, which includes a parallel Partial 

Wave Spectroscopic (PWS) microscopy path. This combination of modalities allows molecular-

specific sensing of nanoscale intracellular structure using fluorescent labels. Combining molecular 

specificity and sensitivity to nanoscale structure allows localization of nanostructural intracellular 

changes, which is critical for understanding the mechanisms of diseases such as cancer. To 

demonstrate the capabilities of this multimodal instrument, we imaged HeLa cells treated with 

valinomycin, a potassium ionophore that uncouples oxidative phosphorylation. Colocalization of 

fluorescence images of the nuclei (Hoechst 33342) and mitochondria (anti-mitochondria 

conjugated to Alexa Fluor 488) with PWS measurements allowed us to detect a significant 

decrease in nuclear nanoscale heterogeneity (Σ), while no significant change in Σ was observed at 

mitochondrial sites. In addition, application of the new multimodal imaging approach was 

demonstrated on human buccal samples prepared using a cancer screening protocol. These images 

demonstrate that nanoscale intracellular structure can be studied in healthy and diseased cells at 

molecular-specific sites.
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1. Introduction

Information about nanoscale structure has been difficult to obtain with far-field microscopy 

techniques due to its diffraction limited resolution. Fluorescence super-resolution modalities 

have overcome this resolution limit; however, these techniques can only examine a finite 

number of labeled structures at a time and cannot work in non-fluorescent samples. Partial 

Wave Spectroscopic (PWS) Microscopy is a novel, far-field, spectroscopic microscopy 

technique that quantitatively senses the nanoscale distribution of mass density within a 

biological sample. PWS does not require exogenous labels and thus works even in unstained 

samples. In addition, because PWS does not rely on fluorescence it is not specific to a single 

labeled molecule. The nanoscale sensitivity of the PWS microscope has been achieved 

through a spectral analysis technique that characterizes the interference from light scattered 

in the visible spectrum (500–700 nm) within each diffraction limited voxel of a widefield, 

reflected-light microscope image [1]. Scattered light collected by the microscope arises from 

variations in the refractive index of the sample, which directly correspond to changes in the 

local macromolecular density arising from the distribution of intracellular solids including 

proteins, lipids, DNA, and RNA. Due to this relationship between local density and 

refractive index, the spectrum of the scattered light contains nanoscale length information 

about the spatial variations in density. To quantify the heterogeneity of this nanoscale macro-

molecular density arrangement, limited only by the signal-to-noise ratio, the standard 

deviation of the spectrum of the scattered light (Σ) captured by the PWS microscope is 

calculated. Utilizing this approach, it has been shown that with a 5% noise floor, PWS 

microscopy is sensitive to a range of length scales from ~22 nm to at least 200 nm 

depending on sample structure and thickness [1–4]. Techniques have been proposed with 
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similar instrumentation and methods that have achieved comparable nanoscale sensitivity 

[5].

Due to this nanoscale sensitivity, PWS microscopy has proven to be an effective tool for 

detecting changes in intracellular nanostructure associated with disease. In particular, PWS 

microscopes have been extensively used for minimally-invasive detection of malignant 

transformation by capturing nano-architectural changes that occur distal to the primary 

tumor site. This detection largely relies on the field effect of carcinogenesis, a phenomena 

inherent in tumor formation, which is manifested by the transformation of structure and 

function of cells throughout an affected organ [6]. Previous clinical investigations with PWS 

microscopy have detected significantly higher intracellular Σ from histologically normal 

sites in cancer patients compared with controls in multiple organ systems [3, 7–9]. In 

particular, the increased heterogeneity of the spatial density arrangement of nuclear 

chromatin appears to be the most significant change in early and field carcinogenesis that is 

observed by PWS [10]. However, the question remains as to which other underlying cellular 

nano-structures are transformed during field carcinogenesis that contribute to the observed 

differences in the heterogeneity of macromolecular density between healthy and malignant 

tissues. Previous studies of field carcinogenesis in colon cancer demonstrated that nuclear 

transformation as measured by PWS is in part linked to epigenetic transformation of 

chromatin acetylation [11]. Finally, investigation into early-stage tumorigenic alterations 

using transmission electron microscopy showed changes in the nanoscopic organization of 

chromatin, a marker that can be detected with PWS [12].

While these previous studies have suggested chromatin condensation and cytoskeleton 

organization as potential mechanisms for tumorigenic transformation and the origin of 

cellular changes observed by PWS microscopy, the majority of the biological assays used in 

these experiments were performed in parallel with PWS. Although multimodality population 

measurements can be done in parallel to PWS with existing instruments, it is impossible 

with these approaches to directly determine at an individual cell level in which specific 

organelles or molecular structures changes in the nanoscale mass distribution are occurring, 

or the causative molecular events. Direct colocalization comparisons and spatially matched 

quantitative measures cannot be done on a cell-by-cell basis using these parallel techniques. 

Therefore, to directly correlate biological processes and molecules with the nanoscale 

organization of macromolecular structure, a new multimodal PWS instrument integrated 

with a commercial white light confocal microscope was constructed. This new microscope 

combines the nano-scale sensitivity of PWS with the molecular specificity of confocal 

microscopy, allowing for consecutive measurements between PWS and processes targeted 

by immunofluorescence, including DNA/RNA (through fluorescence in situ hybridization, 

FISH), protein markers, and organelle structures. The multi-modal instrumentation described 

here, combining molecular specificity with PWS, is a critical research tool to enable studies 

that co-localize PWS nanoscale structural changes with specific molecular compartments 

and structures on a cell-by-cell basis.

With the experiments contained in this work we illustrate how this new multimodal 

instrumentation provides a means to study the biological interplay of functional processes 

and structural organization, highlighting the study of carcinogenesis as one potential 
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application. The organization of organelles (e.g. chromatin, endoplasmic reticulum, golgi, 

and mitochondria) and their subsequent structural and functional transformation during 

carcinogenesis have implications in the development of diagnostic and therapeutic tools. As 

examples, the nucleus and mitochondria are examined here due to their observed structural 

and functional changes during tumor formation. Due to the critical role mitochondria serve 

in cellular metabolism and signaling, alterations in structure and function is implicated in 

many diseases [13]. Likewise, nuclear dysregulation, in particular epigenetic and genetic 

transformation, has been shown as a universal requirement for tumorigenesis. Nuclear 

structure is largely determined by the organization of chromatin, which consists of DNA, 

histones, and numerous other proteins directly attached to DNA. Many studies have 

demonstrated that the hierarchical organization of chromatin plays a critical role in the 

regulation of transcription, replication, DNA repair, and chromosomal stability [14]. Finally, 

mitochondrial dysregulation has been shown to regulate growth and arrest of the cell through 

secondary messengers and chromatin remodeling enzymes. As such, there is a critical need 

for tools, such as the multimodal PWS instrument described herein, to study multiple 

organelles in parallel.

One main convergence point between mitochondria and chromatin structure is their 

dependence on proper intracellular ionic conditions. Studies have shown that altering 

potassium homeostasis influences both the structure and function of mitochondria and 

chromatin [15]. Using valinomycin, a potassium ionophore that uncouples oxidative 

phosphorylation and causes potassium depletion, previous work has found that the drug 

induced slight changes in chromatin structure along with mitochondrial swelling, 

particularly at longer incubation times (3 and 6 hrs) [15]. In this experiment, we used this 

model of valinomycin treatment to examine nano-scale differences in organelle structures 

using the new multimodal PWS system. The methods and experimental demonstration 

described here may serve as a platform for a diverse range of applications, including 

multiple labeling of key cellular structures in car cinogenesis (e.g. mitochondria), as well as 

performing cancer cytogenetics and PWS simultaneously on clinical samples.

2. Materials and methods

2.1 Instrument description

We have integrated a PWS instrument into a Leica TCS SP5 (Leica, Wetzlar, Germany) 

confocal microscope to simultaneously examine fluorescent molecular markers and 

nanoscale structure as measured by Σ in individual cells. This particular confocal system 

provides several unique capabilities that make it well suited for co-localization analysis with 

PWS data. The system includes a white light supercontinuum laser that allows the selection 

of any excitation wavelength between 470 nm and 670 nm for confocal experiments. It also 

utilizes an acousto-optic beam splitter and a prism in the collection path to achieve tunable, 

spectrally-filtered excitation and collection. This unique combination of hardware enables 

the use of any combination of fluorophores for colocalization analysis with PWS, including 

those with similar emission spectra.

PWS instrumentation was built into the Epi-illumination path parallel to the confocal path in 

an up-right version of the SP5 confocal. Through this path, broadband light from a Xenon 
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lamp was used to illuminate the sample through a 40X, 0.6 numerical aperture (NA) 

objective lens (HCX FLUOTAR 40X/0.6 CORR; Leica, Wetzlar, Germany). A custom 

illumination aperture was added through a filter slot in the illumination path to reduce the 

illumination numerical aperture to approximately 0.15. Raw PWS data was collected by 

acquiring a spectrum of the backscattered light from 500–700 nm in 1 nm steps using a 

liquid crystal tunable filter (Varispec VIS, bandwidth 7 nm, PerkinElmer, Waltham, MA) 

and a CMOS camera (Hamamatsu Orca Flash 2.8, Hamamatsu City, Japan) connected to the 

top camera port of the microscope. A custom software interface was developed in MATLAB 

(MathWorks, Natick, MA) to automate collection of the PWS data. PWS measurements took 

approximately 30 seconds per cell. The microscope could be switched between the two 

operating modes, PWS and confocal, for back-to-back measurements as needed. Figure 1 

schematically illustrates the addition of the PWS hardware to the Leica SP5 confocal and 

shows the workflow to acquire PWS and confocal fluorescence images from the same cells. 

Statistical analysis of the spectra at each pixel in the PWS raw data cube (x, y, λ) yields an 

image of the spatial distribution of Σ, which indicates the local heterogeneity of nanoscale 

mass density at each diffraction limited voxel in the sample.

2.2 Preparation of cancer cell lines

The human cervical cancer HeLa cells were grown in RPMI-1640 medium (ATCC, 

Manassas, VA), supplemented with 10% fetal bovine serum + L-glutamine in a 5% CO2 

environment at 37 °C. For the experiments, ~25,000 cells were plated in each chamber of the 

sterile glass chamber slides (LabTek, Waltham, MA) and incubated overnight under standard 

conditions. Two of the four chambers of HeLa cells were treated with 1 μM valinomycin for 

2 hrs. To fix the cells, the chamber slides were washed with 1X phosphate buffered saline 

(PBS) and then fixed with 95% ethanol. Chamber slides, thus prepared, were stored at 4 °C 

keeping cells submerged in 70% ethanol. PWS measurements were acquired prior to 

immunofluorescence staining. Following PWS measurements, slides were rinsed twice in 

PBS and then cells were permeabilized using 0.1% Triton X-100 in PBS for 20 min at room 

temperature. Blocking was carried out using 1% bovine serum albumin in PBS for 20 min. 

Cells were incubated with anti-mitochondria antibody (AbCam, Cambridge, UK) overnight 

at 4 °C. The next day, slides were incubated with goat anti-mouse conjugated to Alexa-

Fluor488 for 2 hrs at room temperature. Chromatin counterstaining was carried out using 

Hoechst 33342 (Molecular Probes, Waltham, MA) for 15 min. Finally, the slides were 

mounted in ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA) and a glass coverslip 

was placed over the sample.

2.3 Preparation of buccal cells

The buccal cell samples were acquired via a cheek brushing using a Cytobrush (Cooper 

Surgical, Trumbull, CT). Human samples were collected in accordance with the Institutional 

Review Board at Northwestern University. Collected cells were deposited onto a glass slide 

and fixed in 95% ethanol for 15 min. PWS measurements were then acquired before 

immunofluorescence staining. The immunofluorescence staining protocol was the same as 

was used for the HeLa cells (Section 2.2), except that a single co-incubation step of 

phalloidin conjugated to AlexaFluor488 (Life Technologies, Carlsbad, California) and 

Hoechst 33342 was performed for 20 min at room temperature.
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2.4 PWS and confocal image collection

For PWS acquisition, 15–25 non-overlapping cells were randomly selected from each 

chamber (two of untreated controls and two of valinomycin-treated). Coordinates of each 

cell were recorded and a reference location on the slide was used as the coordinate origin to 

aid in relocation of the same cells. At each cell position, an image cube was acquired from 

with spectra ranging from 500–700 nm in 1 nm steps. Following PWS measurements, cells 

were processed for immunofluorescence staining. Specimens were then imaged using the 

confocal arm (Leica SP5 with Leica Application Suite) of the multimodal PWS instrument. 

The same cells that had been measured using PWS were relocated using the reference point 

and coordinates. Individual cells were zoomed in on using a 63X oil immersion objective 

(HCX PL APO 63X/1.4-0.60; Leica, Wetzlar, Germany) and a multi-channel confocal 

fluorescence image was acquired at the focal plane. After both PWS and confocal 

measurements, a total of 26 controls and 25 valinomycin treated cells had been acquired 

from both modalities for colocalization analysis. While in this instance a high magnification, 

high NA oil immersion objective was chosen to optimize confocal image resolution, it would 

be equally valid to perform experiments using the same objective for both techniques to 

simplify the method and perform high-throughput colocalization experiments on many 

samples for quantitative data analysis. In addition, PWS measurements can be conducted on 

samples that are already fixed and stained as typically absorption and emission spectra 

associated with fluorescence are weak enough to not alter the back-scattered spectrum 

collected during PWS measurements – although this should be tested with any new dye. For 

this experiment, the PWS measurements were performed prior to immunofluorescence 

staining to minimize any possible effects due to the sample processing associated with the 

staining protocols on nanoscale structure.

2.5 Image processing and colocalization

To achieve colocalization of the confocal fluorescence images and the PWS data, a custom 

software interface was developed in MATLAB. This software was used to account for 

differences in the imaging hardware between the two parallel microscope paths; the confocal 

fluorescence images were re-scaled, rotated, and translated to match the images from the 

PWS path. Corrected versions of each confocal channel were saved as tiffs and used for all 

co-localization analysis. Multi-channel fluorescence images were combined using ImageJ 

[16]. The nanoscale-sensitive PWS images (Σ) were calculated as the standard deviation of 

the backscattered spectrum at each pixel normalized by a glass reflection measurement using 

code developed in MATLAB. Overlay images of the organelle fluorescence with contrast 

provided by Σ were generated in Mathematica (Wolfram, Champaign, IL). For statistical 

analysis, each fluorescence channel was evaluated independently for staining quality based 

on specificity and presence of stain in the desired cellular structure. Cells that were not 

specifically stained for the structure of interest were excluded from statistical analysis.

3. Results and discussion

3.1 Demonstration of multimodal imaging and colocalization

The multimodal capacity of the microscope was demonstrated by imaging the distribution of 

intracellular nanostructure with PWS and overlaying those results with molecular-specific 
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images from the confocal path. Colocalization of these images allowed experiments to be 

conducted that observed changes in the nanoscale structural distribution at molecular-

specific sites in the cell. Two organelles of particular interest to correlate with PWS are the 

nucleus and mitochondria, given their observed structural and functional changes during 

tumor formation. Thus, these structures were examined following valinomycin treatment to 

examine structural changes in response to changes in the intracellular ionic environment. 

Figure 2a–b shows representative images from each of the parallel arms of the multimodal 

microscope for control and valinomycin-treated HeLa cells. Label-free PWS data, as well as 

confocal images of Hoechst 33342 labeled DNA and labeled mitochondria (anti-

mitochondria antibody, Alexa-Fluor488) are shown. Overlays of the Σ image with the 

confocal channels, Figure 2a–b column 4, allow quantitative investigation of the nanoscale 

distribution of structure at organelle-specific sites, in this case chromatin (Hoechst 33342) 

and mitochondria (anti-mitochondria antibody, AlexaFluor488). In these overlay images, 

intensity corresponds to the heterogeneity of macromolecular structure (Σ) with green 

regions marking the mitochondrial sites, cyan the chromatin, and red the regions that 

corresponded to Σ only.

3.2 Nanoscale structural changes observed at organelle-specific sites

To demonstrate the ability to quantitatively sense nanoscale structural changes at organelle-

specific sites, we imaged HeLa cells that had undergone treatment with 1 μM valinomycin 

for 2 hrs. Valinomycin treatment has previously been shown to induce slight changes in 

chromatin structure along with mitochondrial swelling, particularly at longer incubation 

times (3 and 6 hrs) [15]. In this experiment, no visible change in the microstructure was 

observable in the brightfield reflection images. However, from the confocal images, there 

was an observed qualitative change in the size and shape of the mitochondria following 

valinomycin treatment, as they became rounder and less elongated. At the nanoscale, we 

measured a significant decrease, Figure 2c, in the heterogeneity of nuclear macromolecular 

density (mean nuclear Σ) for cells treated with valinomycin compared to controls (p < 

0.001). This decrease in Σ can be visually observed in the nucleus of the representative cell 

images in columns 2 and 4 of Figure 2a–b. In contrast, no significant difference in 

nanostructural heterogeneity (Σ) was observed in mitochondrial regions segmented from the 

fluorescence images, despite the visible microstructural changes observed via fluorescence. 

Previous experiments using fluorescence microscopy and electron microscopy have found 

that a 16-hour treatment with valinomycin only causes outer membrane fusion and no 

changes to the inner membrane [17]. As a result, it is possible that after only a 2-hour 

treatment with valinomycin there is a change in mitochondrial morphology visible with 

confocal due to outer membrane fusion, but that nanoscale structure as measured by PWS 

remains relatively unchanged due to a lack of inner membrane fusion.

3.3 Application to clinical data (buccal cells)

As a secondary demonstration of multimodal molecular imaging and nanoscale sensing, we 

next imaged human buccal cells with both PWS and confocal microscopy. PWS has 

previously shown clinical utility as a screening tool for cancer, where an increase in the 

heterogeneity of nanoscale mass density (Σ) has been observed in the field effect of 

carcinogenesis in multiple organ sites [7–9, 18, 19]. In particular, previous experiments have 
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shown that lung cancer can be detected through this increase in Σ from buccal swabs using 

PWS instrumentation [19]. The biological mechanisms and origins of the changes in 

nanoscale intracellular structure that occur during carcinogenesis resulting in a measurable 

increase in Σ are not well characterized. In Figure 3, we demonstrate that through 

colocalization of confocal images with PWS measurements of Σ, the molecular origins of 

the nanoscale structural changes detected by PWS can be studied in samples used in clinical 

cancer screening protocols. In this case, buccal cells were prepared using the clinical sample 

protocol and PWS data was acquired. The chromatin was then labeled with Hoechst 33342 

and actin was labeled with phalloidin conjugated to Alexa-Fluor488. These structural 

markers were chosen for these cells due to the low viability of buccal cells and the fact that 

structural changes such as DNA damage have been previously observed as a consequence of 

carcinogenesis [20, 21]. In Figure 3 we show a representative human buccal cell imaged 

with both PWS and confocal modalities.

3.4 Experimental implications

As the results presented here suggest, this multimodal instrumentation combining molecular-

specific confocal microscopy and nanoscale-sensitive PWS microscopy is capable of 

identifying the molecular origins of changes in nanoscale biological structure. As compared 

to previous experiments using PWS microscopy, it would not have been possible to localize 

changes in the nanoscale structure to particular organelles and molecules. Instead, it was 

only possible to detect nanoscale changes in structure across an entire cell population 

without molecular specificity. However, here we have shown that just by targeting two 

organelles, nucleus and mitochondria, the nanoscale structural changes can be studied within 

individual cellular compartments. Further studies can be performed on any cellular 

organelle, molecular fingerprint, or structure of interest provided it can be fluorescently 

labeled. The implications of this method are significant, as it allows for changes in cellular 

nanostructure as a result of disease within particular cellular compartments to be studied. In 

addition, this method can be used to develop therapies and to determine their effectiveness at 

the cellular level by identifying if disease state changes in the cellular nanostructure can be 

repaired or prevented in response to therapy. Future work with this method can encompass 

fluorescence in situ hybridization (FISH) of key genes in clinical cancer samples. Additional 

applications include extending the method to live cell imaging or super-resolution 

techniques such as stochastic optical reconstruction microscopy, (STORM), structured 

illumination microscopy (SIM), or stimulated emission depletion microscopy (STED), to 

significantly improve the lateral resolution of fluorescence images, extending the visual co-

localization from the microscale to the nanoscale.

4. Conclusions

In this work, we developed protocols and analysis tools to directly correlate molecular-

specific biological markers with the nanoscale heterogeneity of macromolecular density. 

With this multimodal approach comprised of PWS microscopy and confocal fluorescence, 

we have shown that the molecular origins of nanoscale structural changes sensed by PWS 

can be localized to particular organelles or molecular components of the cell. We have 

shown that PWS detects nanoscale structural changes that occur in the nucleus of HeLa as a 
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result of valinomycin treatment, while similar quantitative differences were not detected in 

the mitochondria, despite visible changes in the mitochondrial microstructure. Furthermore, 

colocalization of nanostructural measurements and molecular-specific fluorescence was 

established in samples prepared using a clinical protocol. This demonstrates that the 

techniques and analysis described here can be used to study the origins of the increase in the 

heterogeneity of macromolecular density associated with early carcinogenic events in 

clinical samples. These results exhibit the innovative ability of correlating biologically 

meaningful markers with the nanoscale density distribution as measured by PWS.
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Figure 1. 
(a) Schematic of the PWS addition to the confocal microscope. A custom software 

acquisition GUI controls data acquisition through the parallel Epi-illumination port in the 

confocal microscope. Light from a Xenon lamp is incident on the sample through a custom 

input aperture to reduce the illumination numerical aperture. Backscattered light is collected 

with a 40X objective and spectrally filtered by the LCTF before the image is acquired at the 

camera. Typically images are acquired in the visible spectrum, 500–700 nm with 1nm steps. 

(b) Workflow for combined usage of the confocal and PWS acquisition paths. A multi-

chamber slide was used for control and treatment cell groups. PWS data was acquired on the 

unstained sample and analysis of the spectra generated images showing the distribution of 

nanoscale structure in the sample. After PWS measurements, the slide is removed and the 

fluorescent labels are added. Confocal images are the acquired using stored coordinates from 

the PWS experiment. Colocalization of the PWS data with confocal fluorescence allows 

molecular-specific study of the cellular nanostructure.
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Figure 2. 
(a) Representative PWS and confocal images of a control HeLa cell. Left to right: (1) 

grayscale reflection image, (2) PWS image of the distribution of the heterogeneity of 

nanoscale macromolecular density (Σ, scaled from 0.01 to 0.1), (3) confocal fluorescence 

where DNA was labeled with Hoechst 33342 and mitochondria was labeled with anti-

mitochondria antibody conjugated to AlexaFluor488 (4) overlay of the confocal 

fluorescence and PWS images. Intensity was set by the PWS (Σ) image with regions 

corresponding to mitochondria and DNA colored green and cyan respectively. (b) 

Representative PWS and confocal images for a valinomycin treated cell of the same types as 

in (a). (c) Left to right: (1) heterogeneity of nuclear nanostructure (Σ) for control and 

valinomycin treated cells and (2) heterogeneity of nanoscale structure (Σ) from 

mitochondrial regions for control and valinomycin treated cells. A significant decrease was 

observed in mean nuclear Σ for valinomycin treated cells, p < 0.001. No significant 

difference was observed between control and valinomycin treated cells in mean Σ at 

mitochondrial sites.
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Figure 3. 
Representative PWS and confocal images of a buccal cell. Left to right: (1) grayscale 

reflection image, (2) PWS image of the distribution of the heterogeneity of nanoscale 

macromolecular density (Σ, scaled from 0.01 to 0.15), (3) confocal fluorescence where DNA 

was labeled with Hoescht 33342 and actin was labeled with phalloidin conjugated to Alexa-

Fluor488, (4) overlay of the confocal fluorescence and PWS images. Intensity was set by the 

PWS (Σ) image with regions corresponding to actin and DNA colored cyan and magenta 

respectively. The red color corresponds to Σ only.
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