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ABSTRACT 
 

This dissertation demonstrates the usefulness of Raman microscopy as a 

multipurpose, 'high content' cytometric analysis tool for characterizing the phenotype of 

diverse macrophage populations in terms of their molecular contents, in absolute 

quantitative terms. Experimentally, the results indicate how a Raman microscope can be 

used to map the spatial distribution of drug cargo contents of macrophages at a single 

cell level; to ascertain the charged state of drug molecules and their location within single 

cells; to determine different phospholipidosis phenotypes in terms of lipid and protein 

contents or the associated lipid/protein ratios within individual cells; and, to determine the 

existence of different macrophage subpopulations in terms of lipid, protein, DNA or (drug) 

cargo contents and their spatial distribution within the cell. Furthermore, the thesis argues 

for Raman cytometry as having distinct advantages in relation to flow cytometry or other 

semi-quantitative indirect cytometric analysis, especially by allowing for an absolute 

approach to the characterization of cellular phenotypes using limited number of cells. In 

terms of its broader applicability, Raman microscopy can demonstrably be used to obtain 

insights from macrophages obtained from bronchoalveolar lavages; for comparative 

analysis of the biomolecular composition of different cell types at the level of the individual 

cells (e.g. macropahges vs. fibroblasts); and for assessing drug distribution in complex 

tissue samples. Direct quantitation of total cellular contents reveals how drug exposure 

and accumulation interplays with the accumulation of phospholipids in alveolar “foam cell” 

macrophages. Since airway and alveolar macrophages are readily accessible in humans, 

this methodology could potentially be used to assess amiodarone exposure in the lungs, 

in a minimally invasive manner. Lastly, in terms of its relevance to pharmaceutical 

sciences, the Raman technique was also used to obtain insights into microscopic drug 

transport pathways and the function of controlled-release drug delivery devices, in a 



 
 

 xxiii  

manner that could be used for optimizing a specific drug formulation. We envision this 

microanalysis calibration platform as the foundation for many future biomedical 

applications, ranging from diagnostic assays to pathological analysis to advanced 

pharmaco/toxicokinetic research studies. The findings from this study represent a 

significant advancement in the cytometry field and open the doors of quantitative scientific 

perception to the entirety of the intracellular biomolecular matrix without artificial chemical 

tags, providing an approach by which scientists and clinicians may holistically explore the 

unadulterated biochemical realm within single cells: the building blocks of life.  
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CHAPTER 1 

Introduction 

 
1.1 Background and Significance 

1.1.1 Adverse Drug Reactions, Phospholipidosis, and Organ Toxicity 

An adverse drug reaction (ADR) is defined by the World Health Organization as, 

“one that is noxious, is unintended, and occurs at doses normally used in man” (1); it is 

important to note that this definition does not include therapeutic failures, drug abuse, 

errors in drug administration, or complications arising from patient non-compliance. As 

evidenced by their high frequency of occurrence in hospitals and general practices, ADRs 

are an important clinical issue and a major healthcare concern; they were conservatively 

estimated to represent the sixth leading cause of death in the United States (2, 3) with an 

estimated economic impact of up to 30.1 billion dollars per year (4). For the healthcare 

service industry, ADRs result in increased hospitalization rates, prolonged hospital stays, 

and sometimes clinical investigations; to the drug development industry, ADRs are a 

challenging obstacle to bring a drug product to the market. During drug development, 

randomized controlled trials serve as the gold standard for determining the efficacy and 

safety of compounds but often fall short in the detection of ADRs. These clinical trials are 

performed in standardized settings on test subject groups that may not be representative 

of the real-world patient population; reports have suggested females and elderly patients 

are often underrepresented in some trials and individuals undergoing concomitant drug 

therapy may even be restricted from participation. Another major limitation of clinical trials 

stems from the duration of drug treatment; many ADRs manifest only after continuous 
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long-term drug exposure, something which many trials do not adequately account for with 

their relatively short follow-up times (4, 5).  

One specific response induced by continuous long-term exposure to certain drugs, 

termed drug-induced phospholipidosis (PLD), has proven to be especially difficult to 

characterize via conventional clinical trials. Reported for the first time in 1948 as the 

occurrence of foamy alveolar macrophages from chloroquine-fed rats (6, 7), PLD has 

historically been defined by morphological and supramolecular changes within certain cell 

types of specific organs; specifically, lipids begin accumulating within cells in the form of 

lamellated membranous inclusions which are most commonly detected by electron 

microscopy. Although the exact mechanism driving PLD progression is currently 

unknown, it has been shown to occur concurrently with intracellular accumulation of PLD-

inducing drugs (Figure 1-1). Another notable feature of PLD is the reversibility of the 

disorder following cessation of drug treatment (8-11).  

PLD has been reported as a dose-dependent process by which the extent of lipid 

accumulation is directly related to the extent of drug accumulation and duration of 

exposure in cells and tissues (12). It is believed that most, if not all, species, genders, 

and age groups are susceptible to induction of PLD following long-term exposure to 

certain drugs. In addition, the specific anatomical locations (i.e., tissues and/or cells) 

affected, the degree of accumulation, and the types of accumulating lipids all differ 

between species for different PLD-inducing drugs (7, 13, 14). As such, the relevance of 

animal models is often questionable and not adequately predictive of clinical findings, 

making the study of actual human subjects particularly important.  

Since the mechanistic link between the accumulation of phospholipids and organ 

toxicity has yet to be identified, PLD is considered an adaptive response by the host 

experiencing drug exposure rather than a direct toxic effect (7). Regardless, the induction 

of PLD is predictive of drug accumulation in ADR-affected tissues and is therefore 

believed to be associated with the manifestation of organ toxicity. Since specific organ 

toxicities may be associated with increased drug concentrations in the local tissues or 

cells, a quantitative assessment of drug and lipid accumulation at the single cell level 
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would help to further elucidate the functional consequences of this mysterious 

phenomenon (Figure 1-1.). 

 

1.1.2 Physicochemical Basis for Drug-Induced Phospholipidosis 

 There are currently over fifty marketed drugs reported to induce PLD and nearly 

400 reported incidences of PLD-positive compounds in the FDA database (NDAs, INDs, 

pharmaceutical companies, and literature) (15). The ability to induce PLD is believed to 

be unrelated to the pharmacologic activity of the drug because PLD-inducing drugs are 

associated with every pharmacological class; some of the more publicized examples are 

amiodarone, chloroquine, gentamicin, tamoxifen, and fluoxetine. Many of these 

compounds share similar structural and physicochemical properties, specifically 

hydrophobic ring structures with side chains containing one or more weakly basic amines 

(12, 13, 15, 16). In addition, the presence of amine groups with pKa values greater than 

8 were reported to result in greater intracellular accumulation of drug (and increased lipid 

content) compared to amines with lower pKa values (4). 

 If a compound has high lipophilicity, typically measured as the partition coefficient 

(LogP), it may preferentially partition into biological membranes and lipid-rich vesicles 

from the extracellular or cytoplasmic fluids. Furthermore, the weakly basic amine group 

allows for ionization of the compound (D → DH+) in low pH environments, such as the 

lysosome, and promotes electrostatic interactions between positively charged drug 

molecules and negatively charged phospholipid head groups (Figure 1-2). Dependent on 

the structure and degree of accumulation, intercalation of drugs into biological 

membranes can also alter the dynamics of membrane fluidity; cholesterol (LogP ~ 7) is 

an endogenous example of a lipophilic molecule that alters membrane biophysics. 

Another structural feature that influences induction of PLD is the presence of halogen 

groups, which, when present increase the membrane fluidizing effect and enhance 

induction of PLD (11). 
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 Although the underlying biochemical mechanism governing PLD induction has not 

been directly proven, the prevailing theory involves inhibition of lysosomal 

phospholipases; either electrostatic interactions between the drug and phospholipid 

prevent enzymatic degradation of lipids by physically blocking access to the enzyme’s 

active site or the drug is thought to directly inhibit phospholipase enzymes (7-9, 11). In 

addition to inhibition of phospholipid degradation, the upregulation of phospholipid and 

cholesterol biosynthesis genes have been reported (15). Increased levels of lipids in 

certain organs have also been shown to increase the affinity of PLD-inducing drugs for 

those organs, thus further enhancing drug bioaccumulation (11). In this way, it may be 

suggested that organisms develop an ‘expanded volume of distribution’ following long-

term exposure to certain drugs; when the compartments reach maximum capacity, the 

drug must redistribute, resulting in high local drug concentrations, ADRs, and potentially 

cell and/or organ toxicity. 

 

1.1.3 Macrophages, Drug Exposure, and Bioaccumulation 

 Serving as the frontline of the innate immune response, macrophages sequester 

and digest nonspecific foreign matter, essentially acting as metaphorical vacuum cleaners 

and residing throughout most tissues and organs of animals. Foreign particulate matter 

(cellular debris, bacteria, inhaled dust, nanoparticles, etc.) are phagocytosed (16) while 

lipophilic small molecule xenobiotics (e.g., drugs, environmental toxins, food additives, 

etc.) may passively diffuse directly through cellular membranes and accumulate within 

specific organelles. As the primary phagocytic cells of an animal’s immune system, 

macrophages have highly active endosome/lysosome systems by which they sequester, 

acidify, and digest foreign matter (17, 18). Compared to other cell types, they have been 

shown to express elevated levels of vacuolar H+-ATPase, the membrane proton 

transporter responsible for acidifying endocytic compartments, making macrophages 

especially well-suited for digestion of foreign matter (17).  



 

  5 

 Upon ingestion of foreign matter, the size and total mass of a macrophage (with 

phagocytosed contents) increases. Likewise, intracellular accumulation of drug 

molecules also increases total cell mass and may accompany a shift in biochemical 

composition as observed with PLD-inducing compounds (Figure 1-1). This cell-by-cell 

shift in chemical composition is hypothesized to serve as a potential biomarker for 

changes in cellular physiology (i.e., induction of PLD) and/or xenobiotic accumulation and 

could be related to functional changes observed at the cellular, organ, and whole 

organism levels.  

As mentioned, macrophages throughout many organ systems have been reported 

to sequester and accumulate specific drugs following continuous exposure (19-25). Some 

example compounds that are known to accumulate in lysosomes include amiodarone, 

clofazimine, chloroquine, azithromycin, nilotinib, and imatinib; although many of these 

compounds are different classes of pharmaceuticals, they share similar structural and 

physicochemical properties. The highly lipophilic (logP > 3) and weakly basic (pKa > 8) 

archetype of such compounds gives rise to their increased propensity for lysosomal 

accumulation (26, 27). As illustrated in Figure 1-2, a thermodynamic equilibrium model 

has been proposed to describe the lysosomal accumulation of weakly basic xenobiotics 

via passive diffusion; the bioaccumulation of lipophilic weak bases is driven by pH 

differences between the extracellular fluid, cytoplasm, and the lysosomal compartments. 

Molecules with high lipophilicity (logP > 3) can readily diffuse through biological 

membranes when in non-ionized form (neutral net charge). When a weakly basic small 

molecule encounters the acidic environment of lysosomes, it may become protonated 

(depending on pKa). Once protonated, a weakly basic amine group becomes ionized 

(positively charged) and can no longer diffuse through lipid membranes, thereby 

becoming trapped within the lysosome. The term for this phenomenon is “ion trapping” 

and it is the basis for lysosomal bioaccumulation of weakly basic molecules. The 

positively charged drug molecules also enable electrostatic interactions with negatively 

charged phospholipids, thereby facilitating induction of PLD. 
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Lysosomal accumulation of lipophilic weak bases has been shown to occur linearly 

over time (with no apparent steady-state) until the solubility of the compound is exceeded; 

once exceeded, there are two likely possibilities: 1) excess drug molecules spill over into 

the cytoplasm, achieving potentially cytotoxic intracellular concentrations or, 2) the drug 

precipitates and an additional solubility equilibrium increases the rate of accumulation 

(28). Lysosomes typically contain ~140 mM of chloride anion which can promote 

intracellular drug precipitation as a hydrochloride salt. Precipitation allows a cell to 

sequester massive amounts of drug and facilitates a phase transition from liquid to solid 

as observed in the case of clofazimine (29) and suggested for nilotinib (28). 

Lysosomal bioaccumulation has been reported to occur concurrently with the 

induction of PLD for some drug molecules (as previously discussed in “Physicochemical 

basis for drug-induced phospholipidosis”) and has also been linked to functional 

consequences such as suppression of the inflammatory immune response (e.g., 

clofazimine, chloroquine, azithromycin, and amiodarone) (30-34). In some cases, such 

as treatment of leprosy with clofazimine and chronic obstructive pulmonary disease with 

azithromycin, these anti-inflammatory consequences are considered favorable. Perhaps 

PLD following lysosomal bioaccumulation of xenobiotics is an adaptive physiological 

response to long-term drug exposure; macrophages protect the organs and tissues via 

sequestration of the drug which is made possible by a lipid-mediated expansion of the 

subcellular volume of distribution. 

 

1.1.4 Amiodarone, Pulmonary Toxicity, and Alveolar Macrophages 

 Amiodarone is a highly lipophilic (logP ~ 7.5) weak base (pKa = 8.47) and is the 

most widely used and effective antiarrhythmic medication available for the treatment of 

ventricular arrhythmias; unfortunately, the benefits of amiodarone therapy are 

accompanied by the risk of potentially life-threatening ADRs (35, 36). The most severe 

side effect is pulmonary toxicity. Manifestations include chronic, subacute, and acute 

complications such as pulmonary fibrosis, pneumonitis, and acute respiratory distress 
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syndrome (37-40). In the past, the prevalence of pulmonary toxicity was reported to be 

15% but more recent trials indicate that rate is now 5% or less (35). The current clinical 

testing recommendations for patients prescribed amiodarone include biannual liver and 

thyroid function tests, yearly chest x-rays, ophthalmologic evaluation, pulmonary function 

tests (with diffusion capacity of carbon monoxide - DLCO), and high-resolution CT scan 

when there is suspicion of pulmonary toxicity (35). Most patients on amiodarone are being 

treated for an underlying cardiovascular disease which can further complicate the 

diagnosis of pulmonary toxicity (38). 

Robust attempts to understand the relationship between amiodarone exposure 

and adverse reactions began in 1983 following the development of an analytical assay 

sensitive enough to measure the low plasma concentrations of drug and enable 

pharmacokinetic profiling (38, 41). The pharmacokinetic parameters were experimentally 

determined in humans, each given three 400mg doses as IV infusion or oral formulation 

(Cordarone or Cordarone X) and relevant results are summarized as follows (Mean ± SD 

and Range respectively for each category): steady-state volume of distribution (L) = 4936 

± 3290 and 1375-11081, total plasma clearance (L/hr) = 8.6 ± 1.9 and 6.5-11.1, and 

terminal elimination half-life (days) = 24.8 ± 11.7 and 9.3-44.1. The large volume of 

distribution indicates significant distribution and bioaccumulation of amiodarone into 

tissue compartments, specifically the liver, lung, and lymph nodes. The major metabolite, 

desethylamiodarone, accumulates to much greater concentrations in tissue 

compartments compared to the parent drug. Consistent with reports of amiodarone-

induced PLD, amiodarone and desethylamiodarone exhibited extensive accumulation in 

lung tissue. Following cessation of long-term dosage (400mg/day for 25 months) in a 

human patient, amiodarone and desethylamiodarone plasma levels both maintained 

therapeutic concentrations (>1.0 mg/L) for ~120 days. 

This pharmacokinetic behavior is consistent with predictions of lysosomal 

bioaccumulation of lipophilic weak bases and is believed to be a result of a ‘slowly 

effluxable drug pool’ within the lysosomal phospholipid inclusions (lamellar bodies) 

previously described (26). BAL cells (>90% alveolar macrophages) from amiodarone-
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treated patients showed significant intracellular accumulation of parent compound and 

the metabolite; pooled population analysis suggested up to 100 picograms of total 

xenobiotic per cell which equates to an estimated 25% of biochemical mass for typical 

eukaryotic cells (see table 1-1 in for context). Additionally, both amiodarone and 

desethylamiodarone concentrations directly correlated with phospholipid accumulation in 

BAL cells (42). Although the relationship between bioaccumulation and pulmonary toxicity 

has not yet been elucidated, the intracellular bioaccumulation of drug, metabolite, and 

phospholipid is observed in almost all clinical cases of pulmonary toxicity (42); perhaps 

the ability to quantitatively analyze drug-induced shifts in the biochemical composition of 

single cells and cell populations will enable the characterization of this ‘slowly effluxable 

pool’. By quantitatively defining the expansion limits of an organism’s volume of 

distribution at the cellular level, a toxicity threshold could be identified and utilized to 

facilitate intelligent clinical decision-making and better understand the risk-benefit 

properties of amiodarone. 

 

1.1.5 Raman Micro-Spectroscopy for the Analysis of Clinical Biospecimens 

 Raman scattering was discovered in 1928 by Indian physicists C.V. Raman and 

K.S. Krishnan and was described as, “a modified scattered radiation of degraded 

frequency” (43). Since then, the phenomenon has been utilized to perform chemical 

characterization via spectroscopic analysis. Raman spectroscopy employs a 

monochromatic excitation light source (e.g., laser) to induce molecular vibrations within a 

sample; depending on the molecular bonds present in the sample, inelastic scattering of 

light occurs by which light emitted back off the sample is shifted to lower energy 

wavelengths. Nowadays, the intensity of scattered, or emitted, light can be collected and 

measured across a range of wavelengths using a CCD detector which converts the 

number of scattered photons at each wavelength into an electrical signal that can be 

interpreted computationally. The relative changes in light energy (between excitation and 

emission wavelengths) are known as Raman shifts and are measured in units of 

wavenumbers (cm-1). The physical nature of the phenomenon allows for quantitative 
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interpretation of the spectral data as the number of Raman-active bonds in a molecule is 

directly related to the number of scattered Raman photons. 

 Raman micro-spectroscopy (aka micro-Raman spectroscopy, Raman microscopy, 

Raman microanalysis, etc.) involves the coupling of a Raman spectrometer to a confocal 

microscope, enabling chemical analysis of samples with sub-micron spatial resolution 

(Figure 1-3). Over the past two decades, Raman microscopy has been successfully 

utilized to quantitatively study the chemical composition of biological specimens at the 

tissue, single cell, and subcellular levels; some might even suggest the technique is a 

“magic bullet” for biomedical analysis applications (28, 44-50). Modern advances in 

Raman microscope technology have enabled faster, more accurate, repeatable, and 

robust quantitative analyses of the biotic and abiotic chemical constituents comprising 

individual eukaryotic cells. Biomedical Raman spectroscopy is an emerging field which 

offers new avenues for the chemical analysis of biological specimens; the non-destructive 

and label-free methodology allows for quantitative characterization of the natural 

distribution and sequestration patterns of colorless molecules within biological matrices 

such as single cells or tissues. Due to the inherent chemical complexity of biological 

specimens, a measured Raman spectrum represents a mixture of molecular species 

differentially contributing to overall signal. As such, acquired Raman spectra may be 

modeled as a mixture of reference spectra representing the most abundant biochemical 

species present in a sample (Figure 1-4). To serve as a preliminary theoretical foundation, 

the approximate chemical composition of a typical eukaryotic cell was calculated based 

on cell population average values from bulk measurements (of homogenized cell 

populations) and provided in table 1-1. Since water does not interfere with Raman 

scattering, proteins and lipids comprise the majority of a cell’s chemical mass and the 

majority of acquired Raman signals. 

Proteins are all constructed from the same 20 amino acids and thus give rise to 

similar Raman signals; the predominant vibrational modes arise from amide bonds in the 

polypeptide backbone (52). As the second-most abundant chemical component of 

biological systems, lipids are readily detectable via Raman analysis. Lipids have a 
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relatively strong and unique vibrational signal occurring at 2850 cm-1 due to fatty 

hydrocarbon chains (C-H), and are easily distinguished from other biochemical 

components; furthermore, specific spectral differences can be used to discriminate 

between diverse types of lipids present in a biological sample (53). Metabolites represent 

a heterogeneous population of small molecules, all of which have unique Raman spectra 

and are likely undetectable unless present at levels significantly greater than the 

physiological baseline. Polysaccharides may be detectable; in certain cell types (e.g., 

muscle cells, hepatocytes) cytosolic granules of glycogen exist and could give rise to a 

detectable Raman signal. Nucleic acids, DNA and RNA, make up the final population of 

biomolecules of interest. Their Raman signals are comprised of contributions from the 

five nucleobases (cytosine, guanine, adenine, thymine, and uracil) and the sugar-

phosphate backbone. Proteins, lipids, polysaccharides, and nucleic acids have all been 

successfully detected in single eukaryotic cells, confirming the feasibility of Raman micro-

spectroscopy for chemical analysis of biological specimens. 

Compared to spectra of cellular components, amiodarone’s major Raman peak 

occurs at a unique wavenumber and can therefore feasibly be distinguished from 

endogenous biomolecules and quantified within a biological matrix. Despite this, there 

appears to be very little published information regarding Raman analysis of amiodarone; 

the most relevant study for our purposes involved the development of a Raman-based 

assay for amiodarone in Angoron® concentrated injectable solutions (51). Based on the 

reported Raman spectra, the major peak of the solid amiodarone HCl powder occurred 

at ~1640 cm-1 while the major peak of the soluble drug occurred at 1568 cm-1 (Figure 1-

4). By exploiting these spectral differences, Raman microanalysis will enable the 

characterization of the phase transitions that amiodarone is most likely to experience 

within the lysosomal compartments. As described in the previous section, macrophage 

lysosomes maintain low-pH environments with ~140mM chloride ion concentration; under 

these conditions, the precipitation of amiodarone as a HCl salt crystal is completely 

feasible. This precipitation phenomenon has been previously reported to occur with other 

lipophilic weakly basic compounds, specifically clofazimine and nilotinib (28, 29). As such, 
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the scope of this research endeavor was expanded beyond just amiodarone to include a 

multitude of bioaccumulating compounds in a variety of cell types from an assortment of 

species, namely mice, pig, and humans. 

 As the robustness of Raman bioanalytical methodology advances, the clinical 

application of this technology is emerging as a powerful and reliable research tool. The 

coupling of a Raman spectrometer with an endoscope has enabled diagnostic Raman 

endoscopy for detection of oral, esophageal, and gastric cancers (54-56). Raman 

spectroscopy has also been utilized for breast cancer detection purposes to study 

acquired drug resistances in cancer cell lines (57, 58). The feasibility of in vivo Raman 

spectroscopy as a noninvasive biomedical imaging modality for chemical analysis of 

tissues within living organisms has also been demonstrated in small animal models (59). 

Raman microscopy has been successfully employed to quantitatively study the uptake 

and distribution of a multitude of small molecules (drugs, vitamins, lipids, glycogen, etc.) 

within individual cells (28, 49, 50, 60-62). Biochemical characterization of single cells has 

also been extensively explored to assess drug-induced changes in composition or to 

discriminate and classify different cell populations; these techniques often require 

advanced multivariate statistical interpretations to extract the relevant information for 

each major biochemical component (46, 47, 63-66). 

 

1.1.6 Computational Preprocessing and Statistical Analysis of Raman Datasets 

 Due to the inherent chemical complexity of biological systems, acquired spectra 

are composed of a multiplicity of features from which the relevant information must be 

extracted. In addition to the Raman peaks of interest, there are three major artifacts that 

contribute to a measured Raman spectrum: cosmic ray spikes, autofluorescense 

background, and detector noise (44, 67-72). To accurately interpret the actual Raman 

spectra, these side effects must be effectively removed; this is achieved via optimization 

of experimental acquisition parameters and computational preprocessing of the acquired 

raw spectrum. The preprocessing procedures may be performed manually on individual 
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spectra but this allows for greater chance of analyst error and raises questions regarding 

the objectivity of the analysis, so for Raman hyperspectral images, which often consist of 

thousands of spectra (Figure 1-5), there is a necessity for robust computational algorithms 

to quickly pre-process spectra and extract the relevant information of interest. Once the 

pure Raman spectra have been computationally extracted from the acquired raw spectra, 

they are typically normalized to account for differences in sample preparation or 

acquisition parameters. All subsequent analysis of Raman data is heavily dependent on 

spectral preprocessing and so error minimization is a necessity. 

Once preprocessed, the Raman spectra must be decoded appropriately to obtain 

the relevant information of interest (Figure 1-5). There are many straightforward 

approaches that have been utilized to measure analytes of interest using the acquired 

Raman spectra (e.g., Raman peak intensity at a given wavenumber, integrated peak 

intensity, peak intensity ratios, etc.). Owing to their inherent chemical complexity, 

biological specimens often require advanced multivariate statistical approaches to 

generate accurate models from acquired Raman datasets (44, 73). There are many 

statistical approaches that allow for more detailed extraction of chemical information 

contained within acquired Raman spectra; in the case of single cell Raman imaging, 

multivariate approaches enable the distinction and identification of subcellular 

compartments such as the nucleus, organelles, and other cytoplasmic inclusions (73). It 

is worth noting that different results can be obtained from the same Raman dataset 

depending on the statistical approach employed. In addition to statistical interpretation, 

the color shading schemes utilized during construction of the final Raman images must 

be carefully chosen in order to display the most appropriate information to address the 

scientific question of interest (74).  

Between pre-processing, statistical interpretation, and resulting image 

construction, Raman spectral analysis algorithms are extremely detailed processes. As 

such, it is imperative to confirm the validity of spectral preprocessing algorithms and 

employ checkpoints to confirm confidence and accuracy throughout the process. In 

addition to spectral preprocessing, the validity of employed statistical analysis 



 

  13 

approaches must be confirmed; to do this, the statistical model for any given set of 

experimental conditions must be rationally refined to account for most of the spectral 

variance observed in control samples. 

 

1.2 Innovation 

 Historically, transmission electron microscopy (TEM) has served as the “gold 

standard” for diagnosis of PLD and has been described as the most sensitive method for 

confirming the presence of PLD. Since the defining morphological feature of PLD is the 

presence of membranous lamellar inclusions, a diagnosis can be made via TEM but no 

quantitative information is deduced regarding the extent or degree of drug or phospholipid 

accumulation. Perhaps quantitative (bio)chemical characterization of cell populations 

affected by PLD would allow for the identification of an accumulation threshold after which 

organ toxicity manifests. As such, a novel analytical methodology to study drug-induced 

PLD in the clinical setting by concurrently quantifying drug and lipid accumulation within 

individual alveolar macrophages obtained via BAL would be of significant value. 

There are currently a multitude of ongoing research initiatives attempting to 

investigate and address drug-induced PLD during drug development phases and 

following post-market approval of drugs. In 2004, the U.S. Food and Drug Administration 

established the Phospholipidosis Working Group to address the regulatory challenges 

associated with this poorly understood adverse effect (7). There are two main approaches 

this group is pursuing to study PLD: 1) computational QSAR in silico modeling to predict 

a drug’s potential to induce PLD based on molecular structure properties and 2) 

identification of a plasma or urine metabolite to serve as a reliable clinical biomarker for 

PLD (13, 14, 75, 76). Another group looked into drug-induced transcriptional responses 

which they related to the structural features of the drugs under study; the results 

suggested transcription factor EB (TFEB) which is involved with regulation of lysosomal 

biogenesis and autophagy, as a transcriptional signature of drug-induced PLD (77). 

Although these approaches are somewhat capable of predicting and confirming the 
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presence of PLD, they do not offer insight into the manifestation of resulting organ toxicity. 

Therefore, these studies will likely serve to refine the drug development process for new 

compounds rather than improving the safety and usage of existing drugs in the clinical 

setting. A more recent approach employed the use of correlative NanoSIMS and electron 

microscopy, allowing for secondary ion mass spectrometric analysis with nanoscale 

resolution and specifically measuring phospholipid and amiodarone accumulation in 

alveolar macrophages (78). This study served to detect amiodarone-induced PLD in 

alveolar macrophages and showed a significant degree of colocalization between 

phospholipids and amiodarone, believed to occur within lysosomal compartments. 

 

1.3 Rationale 

 In 1538, before the invention of the first microscope and the subsequent discovery 

of cells, the founding father of modern pharmacology - Paracelsus, expressed the 

following concept which has become a foundational principle in the field of modern 

pharmacological sciences: “All things are poison, and nothing is without poison, the 

dosage alone makes it so a thing is not a poison” (79). Over the past 500 years, significant 

advances in medical sciences have been made but ADRs still represent a major 

healthcare concern for individual patients and clinicians as well as an economic burden 

on hospitals and pharmaceutical companies attempting to develop new drug candidates 

(2, 4). ADRs are an inherent risk of any drug therapy regimen, each of which is 

differentially governed by specific factors such as genotype and health status of a patient, 

the compound’s pharmacokinetic parameters (e.g., volume of distribution, clearance, 

half-life, etc.), dose and frequency of administration. A compound may give rise to 

adverse effects when concentrations exceed the toxic exposure limit. Furthermore, a 

compound may preferentially co-localize with endogenous biomolecules and, in some 

cases, even sequester within specific subcellular compartments, depending on its 

physicochemical properties, achieving intracellular concentrations much greater than 

those measured in the organism’s extracellular fluids, such as blood and urine. 
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Bioaccumulation of xenobiotics (e.g., drug molecules, environmental toxins, food 

additives, etc.) has been reported for a multitude of compounds and in many cases, has 

been linked with the concurrent accumulation of phospholipids, termed PLD, within 

various organs and cell types (23-25, 27, 28, 80). The lungs and liver are the tissues in 

which PLD is most frequently detected during preclinical in vivo studies and the presence 

of foamy, lipid-laden, macrophages has historically served as the histopathological 

hallmark (10, 11, 26, 80). Despite an abundance of research endeavors surrounding PLD 

over the past 30 years, the relationship between drug exposure, lipid accumulation, and 

observed organ toxicity has yet to be firmly established (7-9, 15). Since pulmonary 

alveolar macrophages are readily accessible in humans and animals via bronchoalveolar 

lavage, we believe these cells could feasibly serve as a clinical correlate between drug-

induced PLD and the observed organ toxicity (9, 18, 81). Raman micro-spectroscopy 

enables quantitative chemical characterization at the single-cell level without the need for 

artificial molecular tags, ultimately providing insight into the unadulterated composition of 

individual cells. The long-term goal of this project is the clinical implementation of a robust 

Raman-based cytoanalytical methodology; by directly relating acquired Raman signals to 

the actual number of Raman-active molecular bonds present in a sample, we aim to 

quantitatively characterize drug and lipid accumulation at the single-cell and cell 

population levels. 

A typical 75kg human occupies a volume of approximately 75L; within that finite 

amount of space, resides a finite number of cells and mass of material (biological and 

xenobiotic). Serving as the foundation of our innate immune systems, macrophage 

populations exhibit seemingly unbounded sequestration and accumulation of certain 

xenobiotics to protect us, their human hosts, from toxic exposure. Though robust and 

adaptable, perhaps these cells have a limit to how much material they can carry. If so, 

then quantitative characterization of this system and its limits would surely serve to 

improve our understanding of the risk-benefit properties for a multitude of clinically 

effective compounds. Raman micro-spectroscopy offers a novel approach for the study 

of drug-induced bioaccumulation phenomena and could thus enable elucidation of the 
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mysterious relationship between drug exposure, PLD, and organ toxicity currently 

burdening the drug development industry and clinicians. 

 

 

 

1.4 Central Hypothesis and Specific Aims 

 Central Hypothesis. The appropriate interpretation of Raman signals enables 

quantitative physio-chemical cytometry by relating intracellular xenobiotic accumulation 

and chemical composition of cells to the health status of a patient, potentially yielding 

actionable results that will help facilitate clinical decision making and improve patient 

outcomes.  

Specific Aim 1. Development of robust computational algorithms will automate 

spectral preprocessing and statistical translation of Raman signals into chemically-

relevant information at the single-cell level, enabling measurement of intracellular drug 

accumulation and precipitation in relation to protein, lipid, and nucleic acid on a per-pixel 

basis. 

Specific Aim 2. Ultraquantitative confocal Raman micro-spectroscopy will enable 

the absolute quantification of the most abundant endogenous biomolecular components 

and sequestered xenobiotics within a single eukaryotic cell; cell-sized micro-calibration 

standards of known absolute mass and composition may be fabricated via controlled 

deposition of biomolecular ink formulations in picoliter-volume droplets to form 

microarrays across sample substrates that serve as calibration standards for quantitative 

interpretation of Raman spectral data. 

Specific Aim 3. Bioanalytical micro-Raman spectropathology will provide new 

information about the structure, function, and role of alveolar macrophage phenotype in 

the context of pulmonary disease pathogenesis and will enable measurement of cellular 

cargo (i.e., lipids) at the single cell level, providing new perspectives by which to 
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quantitatively assess cellular storage disorders in vivo and ultimately facilitating the 

translation of this analytical technology to the clinical setting. 

 

 

 

 

1.5 Figures 
 

 
 
Figure 1-1. Schematic illustration for alveolar macrophage cargo loading and PLD. 

Alveolar macrophages are accessible in the clinical setting via bronchoalveolar lavage; these cells are 
reported to sequester drugs and lipids – which may more generally be referred to as macrophage “cargo” 
– in response to extended periods of drug exposure. 
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Figure 1-2. Proposed thermodynamic equilibrium model for the lysosomal 
accumulation of weakly basic lipophilic small molecules. 

The non-ionized form of a lipophilic drug molecule (D) may passively diffuse through the lipid membranes 
of a biological cell; depending on the pKa of the compound and the pH of the cellular compartment, the 
drug may become protonated (DH+), or ionized. The ionized form of the molecule becomes trapped 
because it cannot diffuse through the membranes, causing the drug to accumulate. As the drug 
concentration increases, depending on the molecule’s Ksp with chloride counter-ion (Cl-), it may precipitate 
as the HCl salt crystal, as observed in the case of clofazimine. 
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Figure 1-3. Schematic of micro-Raman spectroscopy experimental setup. 

An excitation laser is coupled to a confocal microscope via a fiber-optic cable. The microscope objective 
lens focuses the laser down onto a cell preparation on silicon chip substrate, inducing molecular vibrations 
within the cell sample which scatter a multitude of different colored lights up off the sample. The 
reflected/scattered lights are collected by the microscope objective, separated by a diffraction grating, and 
directed across a CCD detector which converts the photons of light at each wavelength into an electrical 
signal (CCD counts), thereby forming a Raman spectrum. 
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Figure 1-4. Raman reference spectral library of biomolecular components overlaid 
with amiodarone and amiodarone-HCl. 

All reference spectra were collected with 532nm excitation laser. Amiodarone and amiodarone-HCl can 
theoretically be distinguished from each other and other major biomolecular components of interest in 
typical eukaryotic cells, by their characteristic Raman signals at 1568cm-1 and 1640cm-1, respectively.  
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Figure 1-5. Schematic of Raman hyperspectral data acquisition and format. 

The excitation laser scans across the area of interest (X-Y plane), collecting Raman spectra at every pixel 
of the area scan (z-plane, "). A single image may consist of thousands of individual spectra and a single 
spectrum consists of 1024 data points. As shown here, a Raman image may be formed by plotting the 
intensity (CCD counts) for a specific wavenumber (") at each pixel of the image. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

  22 

1.6 Tables 
 
Table 1-1. Compositional estimates for a typical eukaryotic cell.  
Data was adapted from Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. Molecular cell 
biology 4th edition. National Center for Biotechnology Information Bookshelf. 2000. 
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CHAPTER 2 

Qualitative Study of Macrophage-Synthesized Drug Biocrystals and 
Microcrystalline Drug Formulations using Raman Microscopy 

 

2.1 Relevance to Thesis 

 Clofazimine (CFZ) is a small molecule drug that has been reported to accumulate 

to massive extents, even crystallizing, inside tissue macrophages throughout most organs 

of a treated subject, be it mice or human patients. This compound’s intracellular 

distribution and crystallization behavior has served as a robust model for the study of drug 

bioaccumulation and provides clear evidence for the degree to which small molecules 

may be stably sequestered inside macrophages. CFZ conveniently exhibits a red-orange 

color that can be clearly observed via conventional brightfield microscopy, thereby 

providing clear and obvious evidence of massive bioaccumulation inside individual cells; 

brightfield images of CFZ-containing macrophages provide dramatic qualitative examples 

of the drug cargo carrying capacity of these cells. The Rosania research group has 

extensively studied CFZ and characterized its distribution and bioaccumulation using a 

robust in vivo mouse model where the drug is delivered at relevant dosage via oral 

administration with food over extended periods of time (mimicking the actual 

administration and dosage in human patients). The lab has developed many techniques 

over the years to quantitatively and qualitatively study CFZ bioaccumulation and for this 

reason I have chosen it as a model compound for initial development of micro-Raman 

methodology used throughout all three specific aims of my dissertation research 

endeavor. 
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 Preliminary Raman experiments with CFZ revealed it exhibited an extremely 

strong Raman signal, presumably due to its enhanced interaction with the visible 

spectrum of light (i.e., its red color); unfortunately, this made the Raman-based 

quantitation of intracellular CFZ concentrations nearly impossible because the signals 

acquired from cells were completely “swamped” by the strong signal emitted from CFZ. 

Although quantitation was unlikely, I was able to effectively study the solid-state forms of 

the compound from a qualitative standpoint using micro-Raman spectroscopy. I 

collaborated with nearly every member of the Rosania lab on a multitude of CFZ-focused 

projects and contributed valuable insight regarding the crystalline forms of the drug which 

were published in three peer-reviewed research articles and summarized in this chapter 

of my dissertation. This work is also the first introduction of the alveolar macrophage 

sample preparation as dry dispersions on the surface of silicon chips that I used for all 

cell samples reported in this dissertation. Furthermore, I developed the first calibration 

methodology for quantitative deconvolution of Raman spectra (into relative mass values 

– w/w%) using stoichiometric mixtures of CFZ and 1,2-dipalmitoylphosphatidylcholine 

(DPPC, C16:0) as thin (<1μm) dry dispersions across the surface of silicon chips; 

mimicking the sample preparation of all the actual biological cells herein analyzed. 

  

2.2 Abstract 

Supramolecular crystalline assembly constitutes a rational approach to 

bioengineer intracellular structures. Here, biocrystals of clofazimine (CFZ) that form in 

vivo within macrophages and a biomimetic microcrystalline CFZ drug formulation were 

studied and characterized using micro-Raman spectroscopy. A quantitative calibration 

approach was also developed and reported but CFZ accumulation inside alveolar 

macrophages of drug-treated mice far-exceeded the linear range of the method, making 

intracellular drug quantitation infeasible. Biomimetic CFZ hydrochloride (CFZ-HCl) 

crystals were synthesized and their ability to elastically deform was studied. Consistent 

with the ability of biocrystals to elastically deform, the inherent crystal structure of 

molecular CFZ-HCl has a corrugated packing along the (001) face and weak dispersive 
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bonding in multiple directions; These characteristics were previously found to be linked 

to the elasticity of other organic crystals. We propose that elastic intracellular crystals can 

serve as templates to construct functional microdevices with different applications. 

Furthermore, we developed a stable and biocompatible formulation of CFZ-HCl 

microcrystals that mimics the predominant form of the drug that bioaccumulates in 

macrophages, following long term oral CFZ administration; the formulation was 

characterized via a multitude of analytical techniques, including micro-Raman 

spectroscopy which was reported here. 

 
2.3 Introduction 

 Clofazimine is a weakly basic, red-pigmented, FDA-approved, phenazine antibiotic 

that is included in the World Health Organization’s (WHO) List of Essential Medications 

as part of the antibiotic cocktail used for the standard treatment for leprosy. It has been 

in clinical use since the 1960s and has contributed to the cure of more than 16 million 

people worldwide (1-4). Due to its potent activity against Mycobacterium tuberculosis, the 

WHO now recommends CFZ as a second line agent against multi-drug resistant 

tuberculosis (5-8). In humans, CFZ exhibits atypical pharmacokinetic properties; in mice, 

following long-term (i.e., weeks) oral administration, solid drug precipitates accumulate in 

tissue macrophages, forming red crystal-like drug inclusions that are most abundant in 

the liver and spleen (9-11). This phenomenon has also been reported in humans treated 

with CFZ (12). Interestingly, these biocrystals display robust stability inside macrophages 

and remain in the body long after discontinuation of treatment (>8 weeks) (9). The 

preliminary analysis of isolated biocrystals from spleen and liver of CFZ-treated mice 

revealed their identity as the hydrochloride salt form of drug (CFZ-HCl), which is stabilized 

by the acidic and high chloride concentrations present in macrophage lysosomes, while 

the orally-administered form of the drug is the free base (13). Remarkably, in Kupffer 

cells, splenocytes, alveolar macrophages, and peritoneal macrophages, the amount of 

intracellular CFZ-HCl typically exceeds that of every other cellular component except 

water (9). Known factors that contribute to this massive bioaccumulation and self-
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assembly phenomenon include the drug’s high oral bioavailability, coupled with large daily 

doses, prolonged treatment regimens, low clearance, and long elimination half-life (14). 

The observed self-assembly, mechanical, and optical properties of CFZ-HCl, 

which can function as drug depots and photoacoustic contrast agents in macrophages, 

inspired our thinking about reverse engineering this weakly basic, small molecule 

chemical agent as a molecular building block for constructing other kinds of functional 

mechanopharmaceutical devices. Such devices could be used to influence the 

mechanical properties of cells. They could also be exploited as bio-responsive 

pharmaceutical or imaging agents by capitalizing on both physical and chemical 

interactions between cells and the self-assembled biocrystalline structures, in vivo. In 

macrophages, CFZ-HCl forms elastic structures, which bend and relax in response to 

biomechanical forces. Furthermore, the presence of these mechanopharmaceutical 

devices inside macrophages is associated with augmented anti-inflammatory activity (4, 

15): upon phagocytosis, they lead to changes in cellular function, which include 

alterations in signal transduction pathways that affect the cell’s inflammatory response. 

Unlike soluble CFZ, which tends to be cytotoxic, the phagocytosis of the self-assembled 

mechanopharmaceutical device does not lead to toxicity (13, 16). Furthermore, abnormal 

morphology of crystals has been a subject of significant study over the last century (17-

22). Particularly, crystalline growth and distribution within living organisms such as cells, 

tissues and clinically in humans has allowed an understanding of how solid-state crystal 

chemistry can modulate biological and biophysical environments (23-28). Specifically, the 

interaction of crystalline matter with cells such as macrophages within clinical 

microenvironments has garnered much attention (29-31).  

Raman microscopy enables molecular analysis at the single-cell level without the 

need for artificial chemical tags, offering an analytical approach by which we may 

characterize CFZ accumulation and crystal formation in vivo (32-34). Using stoichiometric 

mixtures of CFZ and phospholipid at known mass ratios, the range of quantitation may 

be experimentally determined (Figure 2-1); because of CFZ’s strong interactions with 

visible light (evidenced by its red color and fluorescent properties) the drug yields a 
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significantly stronger Raman signal than endogenous biomolecules, such as lipid and 

protein, giving CFZ an extremely narrow linear range of quantitation (Figure 2-2). 

Although quantitation above the linear range is infeasible, we herein report micro-Raman 

analytical methodologies for the qualitative study of intracellular CFZ biocrystals and 

synthetic biomimetic CFZ crystals; synthetic crystals were grown and utilized for 

bending/flexibility analyses and micronized/sterilized for parenteral administration in 

mouse model. Raman microscopy was utilized to characterize in vivo intracellular 

distribution of CFZ in mouse alveolar macrophages, to analyze synthetic crystals during 

bending/flexibility analysis, and to confirm the identity of synthetic biomimetic 

microcrystals (for parenteral administration) throughout the manufacturing process. 

 

2.4 Materials and Methods 

2.4.1 Animal Experiments 

 Mice (4 week old, male C57BL/6J) were purchased from the Jackson Laboratory 

(Bar Harbor, ME) and acclimatized for 1 week in a specific-pathogen-free animal facility. 

Clofazimine (CFZ) (C8895; Sigma, St. Louis, MO) was dissolved in sesame oil (Shirakiku, 

Japan) to achieve a concentration of 3 mg/mL, which was mixed with Powdered Lab Diet 

5001 (PMI International, Inc., St. Louis, MO) to produce a 0.03% drug to powdered feed 

mix, which was orally administered ad libitum for up to eight weeks. A corresponding 

amount of sesame oil was mixed with chow for vehicle treatment (control). Mice were 

euthanized via CO2 asphyxiation and exsanguination. Animal care was provided by the 

University of Michigan’s Unit for Laboratory Animal Medicine (ULAM), and the 

experimental protocol was approved by the Committee on Use and Care of Animals 

(Protocol PRO00005542). All animal experiments were done according to the protocol 

guidelines. 
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2.4.2 Alveolar Macrophage Isolation and Preparation 

 Following euthanasia, the trachea was surgically exposed and cannulated with a 

20 G needle, and the lungs were lavaged by instilling 1 mL DPBS (Life Technologies) 

containing 0.5 mM EDTA (Sigma) six times. Approximately 90% of the instilled 

bronchoalveolar lavage (BAL) was retrieved. BAL was centrifuged (10 min at 400 × g, 

4 °C), the supernatant removed, and the cell pellet was resuspended in RPMI 1640 media 

(Life Technologies) with 5% FBS (Life Technologies) and Penicillin/Streptomycin 

(Thermofisher) at a cell concentration of ~50,000 cells/mL. 15µL of each cell suspension 

was transferred onto pre-sterilized 5x5mm silicon chips (16008; Ted Pella, Inc., Redding, 

CA) and incubated for 1 h (@ 37 °C and 5% CO2) to allow adherence to chip. The cell-

containing chips were washed by brief submersion into isotonic NaCl (0.9%) solution 

followed by deionized (DI) water, then allowed to air-dry, thereby depositing all non-

volatile molecular contents (biologic and xenobiotic) as thin dry dispersions across the 

surface of the silicon chips. 

 

2.4.3 Stoichiometric Calibration Methodology for Quantitation of CFZ-HCl 

 Calibration samples were intelligently designed to result in thin dispersions of CFZ-

HCl and phospholipid (in known mass ratios) that most closely represented the 

dimensions and conditions of the drug-treated cell samples under investigation. 

Formulated as stoichiometric mixtures of CFZ and DPPC dissolved in a solution of 

methanol and 0.05mM HCl solution (5:1 respective volumetric ratio), a known volume of 

solution was transferred to the surface of a silicon chip where the solvent then evaporated. 

Reference and calibration samples were analyzed by the WITec alpha300R confocal 

Raman microscope using large area scan methodology and average spectra from each 

scan were reported. Initial data preprocessing was performed in WITec Project FOUR 

software to remove cosmic ray interference and perform spectral smoothing. The data 

were then exported to Matlab® (Natick, MA USA) and the remainder of preprocessing 

and analysis were performed using algorithms developed in-house. The spectral regions 
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of interest were excised from the dataset between the wavenumbers 1200-3200 (cm-1) 

and used for all subsequent preprocessing. Background subtraction was performed via 

baseline estimation within multiple shifted windows across the spectra followed by 

regression of the varying baseline to window points via spline approximation. The spectra 

were then normalized by the maximum peak height. Spectral region of interest 1200-3200 

cm-1 was then interpreted via linear combination modelling.  

Linear combination spectral modelling (aka least squares regression) was used to 

deconvolute the acquired spectra into the % signal for CFZ in each calibration sample; 

using pure component reference spectra, measured Raman spectra were deconvoluted 

to determine the relative signal contributions from each component of interest according 

to the following model: 

$%& = 	)*+%&* +	)-+%&- +	.%&  

Where: 

/& = relative wavenumber or Raman shift (cm-1) 

$%& = measured sample spectrum 

+%&0 = component “n” reference spectrum 

)0 = component “n” regression estimate 

.%& = residual spectrum 

 

The relative signal contribution for each component was calculated using the 

regression estimators; the following example calculation was provided for clarity: 

% Component 1 Signal =	
)*

)* + )-
	∗ 	100 

 In this case, the two components were CFZ and phospholipid (DPPC). Linear 

correlation of % CFZ signal with the actual mass in phospholipid provided linear range of 

quantitation for measuring the extent of drug accumulation in discrete lipid inclusions. 
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2.4.4 Raman Analysis of Cytoplasmic Drug Inclusions and Single-Cell Imaging 

Raman measurements were acquired with the WITec alpha300R confocal Raman 

microscope (WITec, Ulm, Germany) equipped with two excitation lasers: a 532 nm solid-

state sapphire and a 785 nm wavelength-stabilized diode (0–55 mW and 0–88 mW 

tunable intensity ranges, respectively). A 100X air objective (Zeiss Epiplan-NEOFLUAR, 

NA (numerical aperture) = 0.9) coupled to a CCD detector via a multi-mode fiber of 100 

μm diameter serving as the confocal pinhole, produced 0.72 μm and 1.06 μm illumination 

spots (for 532 nm and 785 nm lasers respectively). To minimize fluorescence background 

from pure CFZ and CFZ-HCl reference crystals, samples were excited with 785 nm. The 

532 nm laser was utilized for excitation of biological samples due to its elicitation of a 

stronger Raman signal from the microscopic inclusions of interest. Point spectra were 

acquired (n ≥ 40 cells/group) by focusing a laser spot on cytoplasmic inclusions or pure 

reference crystals: at each point, the laser was tuned to optimum intensity, and acquired 

point spectra over an integration time of 25 seconds. Individual raw spectra were 

baseline-subtracted and normalized using a MATLAB® processing algorithm developed 

in-house. For single-cell Raman imaging, the 532 nm excitation laser was raster-scanned 

across a 50 × 50µm area with a step-size of 0.5 microns, yielding spectral datasets 

consisting of 10,000 spectra per cell. Exploiting the dramatic spectral differences arising 

from fluorescence of different CFZ forms, the un-processed Raman spectra were linearly 

deconvoluted via WITec ProjectFOUR software’s basis component analysis using 

representative un-processed reference spectra obtained from untreated cells, pure free 

base CFZ crystals, pure CFZ-HCl crystals, and the silicon substrate. Dataset acquisition, 

processing, and image display parameters were performed equivalently for each cell 

specimen. 

 

2.4.5 Synthesis of CFZ-HCl Biomimetic Crystals 

 To grow biomimetic crystals (CFZ-HCl) for bending/flexibility analyses, HCl was 

added to a 2mM CFZ (Sigma-Aldrich, St. Louis, MO, USA) in methanol solution until the 
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HCl concentration was 0.1M. After the solution sat for 5 minutes, water was added to 

double the solution volume. Within minutes, thin dark red crystals were observed. For 

bulk synthesis of CFZ-HCl crystals for parenteral formulation purposes, 10g of CFZ free 

base was placed in 2 L of 1 M HCl in an Erlenmeyer flask with a magnetic stir bar. After 

the addition of CFZ, the reaction was sealed with parafilm and stirred in the dark for 72 h. 

After 72 h, the stirring was turned off and CFZ salt crystals were allowed to precipitate. 

Following crystal precipitation, the HCl reactant was decanted and discarded. The 

residual acid containing the CFZ salt crystals was centrifuged (2000× g, 10 min, 4 ◦C), 

the supernatant was discarded, and the pellet was washed thrice with declining 

concentrations of HCl (100 mM, 10 mM, and 1 mM) to reduce the amount of chloride 

present in the solution. In between washing steps, samples were centrifuged (2000× g, 

10 min, 4 ◦C). After the last wash, crystals were resuspended in MiliQ water and 

immediately snap frozen in liquid nitrogen and then freeze-dried. 

 

2.4.6 Qualitative Analysis of Biomimetic Crystal Bending/Flexibility 

 Crystals that were about 2mm long and ~20μm thick were isolated from the 

crystallization solution and manipulated to demonstrate the crystal’s elasticity. Crystals 

were placed on a microscope slide in a small amount of water to prevent the crystal from 

moving off the slide. A pair of tweezers and a crystallization probe were used to 

manipulate the crystals. Video images of this procedure were taken with a Leica M205 C 

stereo microscope. For analysis of bent crystals via Raman microscopy, bent crystals 

were snap-frozen over dry ice and imaged on silicon wafers. 

 

2.4.7 Micronization and Sterilization of CFZ-HCl Biomimetic Crystals 

 A SepSol, Sturtevant Inc. (Separation Solutions; SepSol Process Solutions, 

Kalamazoo, MI, USA) air jet mill was used to micronize the bulk synthesized CFZ-HCl 

crystals and CFZ free base crystals (control) to a particle size distribution within the 
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desired range (0.5–5 µm). Following the company’s specifications, the air jet mill was set 

at 50 psi grind pressure and 100 psi feed pressure. Filtered, dried, compressed air was 

used as the air source for the mill. Altogether, four batches of CFZ-HCl microcrystals (net 

weight ~40 g) and three batches of CFZ free base microcrystals (net weight ~20 g) were 

produced with ~80–90% yield from milling. Both types of micronized CFZ crystals were 

stored at −20 ◦C until the time of experimentation. Before each experiment, CFZ 

microcrystals were sterilized by dry heat at 170 ◦C for 1.5 h, using a bench top vacuum 

oven at 5 psi (Model 5831; National Appliance Co., Portland, OR, USA). 

 

2.4.8 Formulation Diluent for Stabilized Suspension of Biomimetic Microcrystals 

 The diluent for the IV injectable formulation was made using polysorbate 80 (59924 

Sigma-Aldrich, St. Louis, MO, USA), sodium chloride (BP358, Fisher Scientific, Fair 

Lawn, NJ, USA), and Milli-Q water. To coat, disperse, and adjust the size of the lipophilic 

CFZ-HCl microcrystals, varying concentrations of polysorbate 80 (0–0.5%) were used. 

Sodium chloride was added to maintain isotonicity. The pH was adjusted to pH 5 using 

0.01 M HCl or 0.01 M NaOH to ensure the stability of CFZ-HCl microcrystals in the 

formulation. For experiments, the diluent was sterilized by sterile filtration with a syringe 

filter (09-719A; 0.22 µm, MCE, Sterile; Fisher Scientific, Fair Lawn, NJ, USA). 

 

2.4.9 Particle Size Distribution Analysis 

 The CFZ microcrystals particle size after synthesis and after micronization were 

analyzed using Zeta-Sizer (Malvern Instruments, Nano-ZS90, Malvern, UK) and 

brightfield microscopy using Nikon Eclipse Ti inverted microscope (Nikon Instruments, 

Melville, NY, USA). 
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2.4.10 Proton Nuclear Magnetic Resonance Spectroscopy Analysis 

 Proton (1H) nuclear magnetic resonance (NMR) spectroscopy was performed as 

previously described [16]. Briefly, one-dimensional 1H-NMR spectra of micronized CFZ-

HCl crystals at different stages of manufacturing were acquired using an 11.74 T (500 

MHz) NMR spectrometer with a VNMRS console and a 7510-AS autosampler system 

operated by host software VNMRJ 3.2 and equipped with a 5 mm Agilent One NMR probe 

with Z-axis gradients. The samples were dissolved in dimethyl sulfoxide-D6 (D, 99.9%) 

(DMSO-d6; Cambridge Isotope Laboratories, Inc., Andover, MA, USA). The NMR data 

were acquired at room temperature and processed using MestreNova 9.0 software 

(MestreLab, Santiago de Compostela, Spain). 

 

2.4.11 Powder X-ray Diffraction Analysis 

 Powder X-ray diffraction (pXRD) spectra of micronized CFZ-HCl crystals at 

different stages of manufacturing were taken by Rigaku Miniflex X-ray diffractometer 

(Rigaku-USA Inc., Danvers, MA, USA) using Cu Kα radiation, a tube voltage of 30 kV, 

and a tube current of 15 mA. Measurements were taken from 5◦ to 40◦ at a continuous 

scan rate of 2.5◦/min. 

 

2.4.12 Single-Crystal Raman Analyses of CFZ-HCl Manufacturing Process 

 For crystal bending analysis, confocal Raman microscopy was performed using a 

WITec alpha300R microscope (WITec, Ulm, Germany) equipped with a near-IR 785nm 

excitation laser to minimize clofazimine’s fluorescence signal. Samples were positioned 

on the stage for spectral data acquisition and were observed using the reflectance 

illumination mode of the microscope. Once positioned, the ~4µm diameter laser 

illumination spot was directed onto the sample, and the Raman spectrum was acquired. 

Raw data were background subtracted from the signal obtained from the pure silicon 

wafers and further baseline-corrected using Origin® (Origin Labs, Northhampton, MA). 



 

  43 

 For single-crystal analysis of manufacturing process, Raman spectra were 

acquired with a WITec alpha300R confocal Raman microscope (WITec, Ulm, Germany) 

equipped with a 532nm solid-state sapphire excitation laser and charge coupled device 

(CCD) detector. The laser was focused on the sample acquiring each Raman spectrum 

with an integration time of 75 s, using Zeiss EC EPIPLAN 50X objective (N.A. = 0.75). 

Cosmic rays were removed from all spectra using the WITec Project FOUR software. A 

MATLAB® processing algorithm developed in-house [22] was used to baseline-subtract, 

normalize, and overlay spectra to qualitatively identify the collected micronized sample 

spectra by comparing them to both CFZ-HCl and CFZ free base reference spectra. 

 

2.4.13 Brightfield and Fluorescence Microscopy 

 Microscopy was performed using a Nikon Eclipse Ti inverted microscope (Nikon 

Instruments, Melville, NY, USA) as previously described. Briefly, brightfield images were 

captured using the Nikon DS-3 camera (Nikon Instruments, Melville, NY, USA) and 

fluorescence imaging in FITC channel (490/510nm, green) and Cy5 channel (640/670nm, 

far-red) was performed with the Photometrics CoolSnap MYO camera system 

(Photometrics, Tuscon, AZ, USA) under the control of Nikon NIS-Elements AR software 

(Nikon Instruments, Melville, NY, USA). Illumination for fluorescence imaging was 

provided by the X-Cite 120Q Widefield Fluorescence Microscope Excitation Light Source 

(Excelitas Technology, Waltham, MA, USA). 

 

2.5 Results and Discussion 

2.5.1 Intracellular Organization of the Self-Assembled CFZ Biocrystals 

 Prolonged administration of CFZ results in its accumulation in both human and 

animals as microscopic, insoluble, and membrane-bound aggregates, known as Crystal 

Like Drug Inclusions (CLDIs), which are primarily found within tissue macrophages (9). 

CLDIs are primarily comprised of a protonated, hydrochloride salt of CFZ, which forms 
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faceted structures possessing three orthogonal cleavage and multiple fracture planes with 

lamellar spacing of 6 nm to 14 nm (11). Furthermore, Raman reference spectra of pure 

CFZ and CFZ-HCl identified characteristic Raman peaks for clear distinction between the 

two forms (Figure 2-3). Spectra obtained from cytoplasmic regions of untreated mouse 

alveolar macrophages were typical of biological specimens with no apparent contributions 

from drug. However, spectra obtained from cytoplasmic regions of 4- and 8-week CFZ-

fed mouse alveolar macrophages revealed the presence of CFZ-HCl, which dominated 

any Raman signal associated with biological specimens, and exhibited unique peak 

intensities and peak widths, which attribute to the geometric organization of the 

supramolecular structures: peaks generally become narrower and more intense with 

higher degree of order in samples, which suggests that by 8 weeks, the macrophages 

have organized the accumulated drug into supramolecular crystalline packages of CFZ-

HCl salt. Moreover, Raman imaging of single-cells revealed cytoplasmic accumulation of 

both forms of the drug after just 1 week and continuing through 4 weeks; at 8 weeks CLDI 

formation was apparent and clearly distinguishable from free base CFZ, as evidenced by 

non-overlapping Raman signals in the biocrystal regions of Raman image (Figure 2-4). 

 

2.5.2 Synthesis and Analysis of Biomimetic CFZ-HCl Crystals 

 First, biomimetic CFZ-HCl crystals were synthesized and their fluorescence and 

Raman spectral properties were compared to CFZ-HCl biocrystals formed in vivo. For 

fluorescence analysis, image data were acquired with the standard FITC and Cy5 

excitation/emission channels of an epifluorescence microscope; for Raman spectral data, 

single crystals were analyzed and compared to spectra of isolated biocrystals (from 

mouse model). By visual inspection, biocrystals and synthetic crystals exhibited almost 

identical fluorescence and Raman spectra, sharing the CFZ-HCl signature peak at 1400 

cm−1. To scale the synthesis of CFZ-HCl to multigram and larger quantities for 

manufacturing of a pharmaceutical-grade formulation for clinical trials, a synthesis 

scheme was developed using hydrochloric acid for transforming clofazimine free base to 

hydrochloride salt crystals directly, without dissolving the free base in organic solvents. 
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For free base particles of ~100 µm diameter or less, direct conversion hydrochloride 

crystals were complete by 72 h, as determined using microscopy, 1H-NMR, and Raman 

(Figure 2-5). Thus, synthetic CFZ-HCl crystals closely mimicked the optical properties of 

CFZ-HCl biocrystals that form in vivo. 

 

2.5.3 Investigating Biomimetic CFZ-HCl Crystal Bending and Flexibility 

 As the primary component of the biocrystals is CFZ-HCl, we hypothesized that the 

inherent crystal structure of CFZ-HCl plays a role in the flexibility (being able to adopt 

non-linear morphologies) and elasticity (being able to return to linear conformations upon 

removal of force) of the biocrystals. The synthetic CFZ-HCl crystals form dark red 

rectangular plates that closely resemble the crystal habit and color of the biocrystals as 

observed with brightfield microscopy. The CFZ-HCl crystals can grow to be much larger 

than the biocrystals allowing for optimal structural characterization. X-ray diffraction 

(XRD) was also performed to determine the crystal structure of CFZ-HCl. The CFZ-HCl 

crystals grow in an orthorhombic Pbca space group with unit cell parameters; a=10.266 

Å, b=19.828 Å, and c=24.156 Å, α=β=γ=90° and Z=8 (CCDC number: 1497722). One 

CFZ and one HCl molecule make up the asymmetric unit (Figure 2-6). Cl3 (the Cl 

associated with the HCl) associates with the CFZ through two N−H⋅⋅⋅Cl hydrogen bond 

interactions between N3−H⋅⋅⋅Cl3 and N4−H⋅⋅⋅Cl3 (D, d, θ: 3.172 Å, 2.376 Å, 166.45°, and 

3.104 Å, 2.243 Å, 174.51°). The data set was solved to 99.8 % completeness. Water was 

incorporated into the crystal structure at an occupancy of 0.13, and there was some 

disorder in the isopropyl group. The presence of water likely caused a change in the 

orientation of the isopropyl group, thereby contributing to the observed disorder (Figure 

S-1). A summary of the unit cell parameters and diffraction data can be found in Table S-

1. 

 Interestingly, while harvesting CFZ-HCl crystals for XRD, the crystals would 

noticeably bend when force was applied to pick up the crystals. As soon as the force was 

removed the crystals would promptly return to their original linear morphologies. 
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Subsequently, video microscopy of bending crystals with tweezers was performed to 

further demonstrate their observed elastic response (Figure 2-7). Crystallization 

experiments yielded a very wide size distribution of crystals out of which crystals between 

500 μm and 2 mm long and ca. 20 μm thick were chosen. The CFZ-HCl crystals typically 

lie with the (001) face normal to the substrate. When a slight force was applied, the crystal 

rotated 90° about the a-axis. When a force was applied to the (001) face, the crystal bent 

and assumed its original shape upon removal of the force. The crystal arched again when 

a second force was applied. As such, the crystals can be bent many times without 

noticeable deformation to the crystal. In one experiment, a crystal was bent 8 times 

without noticeable deformation. However, upon applying a larger force, the crystal 

snapped, and the crystalline fragments adopted the original straight configuration. 

Further, no differences in vibrational spectra (Raman) were evident before and after 

bending at the point of maximum curvature in these crystals (Figure 2-8). Naturally curved 

crystals also showed no differences in molecular vibrations compared to the reference 

CFZ-HCl crystals.  

 

2.5.4 Characterization of Biomimetic CFZ-HCl Microcrystalline Formulation 

 To formulate micronized CFZ-HCl salt crystals and characterize the extent to which 

they mimicked CLDIs, 1H-NMR, single crystal Raman micro-spectroscopy, and pXRD 

were used for comparative analysis. Following micronization and sterilization of bulk CFZ-

HCl, chemical and structural characteristics of CFZ-HCl salt crystals remained relatively 

unchanged (Figure 2-9). 1H-NMR spectral (Figure 2-9A) and single crystal Raman micro-

spectroscopy peaks (Figure 2-9B) were preserved with almost identical match, indicating 

that the chemical structure of CFZ-HCl crystals was not altered by micronization or 

sterilization. Furthermore, pXRD spectra revealed that most diffraction peaks were 

preserved as well, including the CFZ-HCl signature peak at 2θ = 7.2° that is absent in 

CFZ free base, indicating the preservation of the crystal structure (Figure 2-9C). 
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 Following dispersion of individual drug crystals in IV diluent buffer, the micronized, 

sterilized microparticles were completely dispersed. Ultimately, the size and the 

dispersion of the particles can be adjusted by varying the concentration of the detergent 

present in the diluent (e.g., polysorbate 80); the higher the concentration, the smaller and 

more dispersed the particles are (data not shown). In this case, the IV injection, the 

maximum concentration of polysorbate 80 was used (0.5%) to make the particles as small 

and as dispersed as possible. As a result, the microcrystals exhibited the expected Cy5 

and FITC fluorescence of CFZ-HCl and were homogeneous in size distribution (Figure 2-

9D). By utilizing dynamic light scattering analysis (Figure 2-9E), there was one narrow 

particle distribution of 547 ± 160 nm, an ideal size for parenteral formulations. In contrast, 

prior to micronization, the starting material exhibited 2 major wide particle size 

distributions of 621 ± 300 nm and 5035 ± 592 nm, respectively (Figure 2-9E). Thus, air 

jet milling produced a stable micronized product that could be readily sterilized, preserving 

a desirable size distribution. 

 

2.6 Conclusions 

 As a weakly basic, poorly soluble small-molecule chemical that is FDA-approved, 

orally bioavailable, slowly cleared, and administered at high doses for prolonged periods 

of time, CFZ affords us the opportunity to reverse engineer the construction of a 

mechanopharmaceutical device that was found to form naturally inside cells. We report 

that, because of its physicochemical properties, CFZ is highly prone to precipitation in 

acidic endolysosomal compartments in macrophages, where it self-assembles into a 

highly ordered CFZ-HCl biocrystal, possessing many interesting optical and 

biomechanical features. Furthermore, single-cell Raman imaging revealed that CFZ was 

present both as a free base and hydrochloride salt form within intracellular vesicles 

(Figure 2-4). Although quantitation of intracellular CFZ content was not reasonably 

feasible, qualitative analysis of the solid-state forms – free base and HCl salt crystals – 

facilitated manufacture of a biomimetic microcrystalline formulation to be used for 

parenteral administration of the compound. Furthermore, micro-Raman analysis 
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complimented other solid-state analyses in the context of CFZ-HCl crystal bending 

experiments.  

 Macrophage-mediated crystallization is an important example of how these cells 

self-assemble a crystal with features that allow for easier adaptability to the mechanical 

environment of the cell, thereby allowing a massive drug loading within the cell. 

Importantly, the additional Cl (in HCl) is most likely reinforced within CFZ biocrystals 

through the presence of multiple chloride channels in macrophages and their highly 

regulated role in cellular physiology. Here, we show that the salt chloride also plays an 

integral role in the structural stability and intracellular mechanical adaptation via elasticity. 

Furthermore, mechanical flexibility of exogenous elements within cells could be a critical 

design parameter toward engineering organic intracellular constructs to endow cells with 

unnatural yet stable and beneficial features for therapeutic applications. Finally, 

viscoelasticity, pressures and connected mechano-transductive elements are innately 

connected to inflammatory cell phenotypes. As such, the mechanochemical 

characterization of intracellular properties could be important for cell-based mechano-

biological applications leading to a new class of pharmaceutics: mechano-pharmaceutics. 
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2.9 Figures 
 

 
 
Figure 2-1. Stoichiometric CFZ-HCl:lipid mixtures for quantitative interpretation of 
Raman spectra.  

(A) Brightfield reflected light images of pure CFZ-HCl crystal (for reference) and dry-dispersions of CFZ-
HCl and phospholipid on silicon chips. (B) Corresponding Raman spectra acquired from samples. 
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Figure 2-2. Linear quantitative range for CFZ-HCl in phospholipid. 

(A) Corresponding Raman spectra acquired from calibration samples across the linear range. (B) Linear 
correlation of % CFZ signal (acquired from linear combination modelling with reference spectra) and % CFZ 
w/w; quantitative range was from 0.06% to 0.65% relative mass. 
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Figure 2-3. Intracellular self-assembled CFZ-HCl biocrystals in macrophages. 

(A) Illustration depicting the chemical structures of soluble CFZ (free base) and intracellularly-accumulating 
CFZ-HCl (solid precipitates); adapted from R.K. Keswani et al. 2015. (B) Graphic of in vivo experimental 
setup depicting the oral dosage of CFZ. (C) Raman spectra of free base CFZ, CFZ-HCl, untreated and 
treated alveolar macrophages (4 and 8wks CFZ-fed mice) show distinct Raman peaks distinguishing 
between the different forms of the drug (red in the brightfield images): free base CFZ (1341 and 1465 cm−1), 
CFZ-HCl (1399 cm−1). 
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Figure 2-4. Subcellular distribution images of CFZ in alveolar macrophages. 

Reflected brightfield and Raman images of alveolar macrophages from CFZ-fed mice prepared on silicon 
chip substrates; basis spectral fitting was used to show the temporal accumulation and cytoplasmic 
packaging of CFZ into highly ordered CLDIs. 
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Figure 2-5. Monitoring conversion of CFZ free base to CFZ-HCl. 

(A) Chemical structures of CFZ free base and CFZ-HCl. (B) Brightfield (BF)/fluorescent (FITC, Cy5) 
microscopy images; (C) 1H-NMR, and (D) Raman micro-spectroscopy spectra of synthesized CFZ-HCl salt 
crystals via new synthesis scheme (*) compared to the established CFZ-HCl salt crystals and CFZ free 
base. Scale bar = 50 µm. 
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Figure 2-6. Supramolecular organization of CFZ-HCl crystals. 

(a) Asymmetric unit of CFZ-HCl displayed as an ellipsoid plot with 50% probability. The atomic positions for 
all non-hydrogen atoms are labeled. (b) One section of the corrugated packing with solid orange lines 
indicating CH…Cl interactions, C-H…π indicated with a light blue dotted line and π…π interactions 
indicated by light grey dotted lines (unit cell looking along the c-axis). The molecules are displayed as 
capped sticks with the hydrogen atoms removed for better visualization of the crystal packing. (c) 
Crystallographic projections of packing along the (001) face showing the corrugated packing. The projection 
is made up of 2 × 2 × 0.5 (a × b × c) unit cells. 
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Figure 2-7. CFZ-HCl crystal bending images extracted from video. 

(a–d) A CFZ-HCl crystal was bent by applying a force with a crystallization probe while the crystal was held 
stationary against a pair of tweezers. (e) The force was removed, and the crystal quickly regained the 
original position before (f) another force was applied to the crystal. Scale bar is 100 μm. The bottom 
schematic shows how the angle of corrugation would look like on the convex and concave edges of the 
crystal during bending. 
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Figure 2-8. Raman analysis of CFZ-HCl crystal bending. 

(A) Raman Reflectance Brightfield images of (top) short CFZ-HCl crystals and (bottom) at the bent point of 
a long CFZ-HCl elastic crystal. Blue arrows indicate moving away from the confocal plane used to obtain 
the point spectra of CFZ-HCl; (B) Raman Spectra of CFZ-HCl reference crystals (top) with crystals that 
were subjected to mechanical bending (before and after) (second and third from top) and crystals that had 
an inherent curvature (bottom).   
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Figure 2-9. Integrity of CFZ-HCl salt crystals throughout the manufacturing process 
of biomimetic micronized formulation. 

Analytical evidence supporting crystal integrity by (A) 1H-NMR, (B) single crystal Raman micro-
spectroscopy, and (C) powder X-ray diffraction (pXRD). The red arrows in pXRD spectrum (C) indicate the 
peaks that are preserved after micronization and sterilization. The efficacy of micronization is depicted in 
brightfield and fluorescent images (D) and particle size distribution (E). Scale bar = 5 µm. 
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CHAPTER 3 

A Versatile Raman Spectral Cytometry Approach to Study the Drug Cargo 
Capacity of Individual Macrophages 

 
3.1 Relevance to Thesis 

 To address specific aim 1 of my thesis and create the foundation for 

ultraquantitative Raman spectral cytometry, a versatile Raman methodology was 

developed to study the drug cargo capacity of individual macrophages, specifically to 

measure the intracellular accumulation and distribution of small molecule xenobiotics. In 

the studies presented herein, I utilized the cell sample preparation for alveolar 

macrophages – first discussed in Chapter 2 of my thesis – that involved adherence of 

cells to silicon chips before washing and air-drying; in this way, water evaporated from 

the cells, depositing all non-volatile molecular components of interest as thin dry 

dispersions on the surface of silicon chips. Furthermore, the novel drug:lipid 

stoichiometric calibration methodology was first published from the work presented in this 

chapter where a multitude of FDA-approved colorless small molecule drugs were 

screened for accumulation inside alveolar macrophages in an effort to show proof-of-

concept for our Raman analytical approach. 

 The preliminary statistical foundation for the methodology was also first reported 

and published in this study; using a non-negative least squares regression (aka linear 

combination modelling), I herein showed the validity of this approach for Raman spectral 

deconvolution with the ultimate purpose of quantitative intracellular imaging of drug 

accumulation inside macrophages. When harmonized effectively with the stoichiometric 

calibration mixtures of drug and phospholipid, this statistical model enabled Raman-



 

 65 

based screening of drug accumulation throughout cell populations and quantitative 

measurement of intracellular drug inclusions. Using this method, I was able to generate 

results which suggested the intracellular phase separation and self-aggregation of a small 

molecule tyrosine kinase inhibitor, nilotinib. In contrast, investigation of chloroquine and 

etravirine revealed that these compounds accumulated primarily via lipid partitioning 

rather than intracellular precipitation. Furthermore, the integrated area scan acquisition 

methodology in which the excitation laser scans across the specimen of interest and sums 

together the total Raman signal (crucial to ultraqauntitative theory) was first developed 

and reported on in this work. In this chapter the area scan approach was used to estimate 

the % weight of drug inside a single cell as a fraction of the total cell’s dry mass. Although 

these Raman measurements are relative weight %, they represent the first report of 

quantitative analysis of intracellular drug distribution and accumulation in relation to 

endogenous biomolecules on a per-pixel basis. 

 In its entirety, this chapter serves as robust proof-of-concept and feasibility testing 

for Raman microanalytical measurement of intracellular drug accumulation and 

distribution using a least squares regression statistical model with stoichiometric mixtures 

of drug and phospholipid for quantitative model calibration. Despite its scientific validity, 

all the work presented in this chapter was performed in vitro; although it is valid in terms 

of proof-of-concept, the research presented in this chapter alone lacks clinical feasibility, 

specifically the evidence that shows it can be used to generate meaningful measurements 

in the context of disease progression in vivo. Though relevant, this aspect of the project 

more appropriately falls under the scope of specific aim 3 and is discussed thoroughly in 

Chapter 5 of my thesis. In summary, the work presented in this chapter addresses the 

major goals of specific aim 1 of my thesis and serves as the published foundation for 

other aspects of single-cell Raman analysis work. 
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3.2 Abstract 

To improve cytometric phenotyping abilities and better understand cell populations 

with high interindividual variability, a novel Raman-based microanalysis was developed 

to characterize macrophages based on chemical composition, specifically to measure 

and characterize intracellular drug distribution and phase separation in relation to 

endogenous cellular biomolecules. The microanalysis was developed for the 

commercially-available WiTec alpha300R confocal Raman microscope. Alveolar 

macrophages were isolated and incubated in the presence of pharmaceutical compounds 

nilotinib, chloroquine, or etravirine. A Raman data processing algorithm was specifically 

developed to acquire the Raman signals emitted from single-cells and calculate the signal 

contributions from each of the major molecular components present in cell samples. Our 

methodology enabled analysis of the most abundant biochemicals present in typical 

eukaryotic cells and clearly identified “foamy” lipid-laden macrophages throughout cell 

populations, indicating feasibility for cellular lipid content analysis in the context of 

different diseases. Single-cell imaging revealed differences in intracellular distribution 

behavior for each drug; nilotinib underwent phase separation and self-aggregation while 

chloroquine and etravirine accumulated primarily via lipid partitioning. This methodology 

establishes a versatile cytometric analysis of drug cargo loading in macrophages 

requiring small numbers of cells with foreseeable applications in toxicology, disease 

pathology, and drug discovery. 

 

3.3 Introduction 

Serving as the frontline of the mammalian inflammatory immune response, 

macrophages play a pivotal role in the defense and maintenance of all organ systems. At 

the gas-air interface of the lungs reside alveolar macrophages. Within the alveoli, these 

cells sequester inhaled particulate matter while pulmonary blood flow through the lung 

also exposes them to systemically circulating drug compounds.(1-3) Small molecules with 

high lipophilicity and weakly basic amines groups may passively diffuse through cellular 
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membranes, becoming protonated and positively charged within the acidic lysosomal 

compartments.(4-7) The electrostatically-charged form of the molecule has a much lower 

membrane permeability which prevents its exit by passive diffusion, causing intracellular 

accumulation of the compound. Bioaccumulation of small molecules has been reported 

for a multitude of drug compounds and in many cases has been linked with the concurrent 

accumulation of lipids within various organs and cell types.(8-10) In many cases, these 

foreign chemical compounds have been reported to accumulate within alveolar 

macrophages.(11, 12) To date, there is no direct association with toxicity but in terms of 

drugs, regulatory agencies (FDA and corresponding administrations in Europe and 

Japan) generally consider it a potentially adverse reaction and as such, are hesitant to 

grant such compounds market-approval.(13) Despite an abundance of research 

endeavors over the past 30 years, the relationship between drug exposure, lipid 

accumulation, and observed organ toxicity has yet to be firmly established.(14-16) The 

presence of “foamy” lipid-laden macrophages has historically served as the 

histopathological hallmark with transmission electron microscopy providing the gold 

standard for diagnosis.(17, 18) Though robust and adaptable, perhaps macrophages 

have a quantifiable limit to how much foreign material they can stably carry. As such, we 

believe quantitative characterization of this system and its limits would surely serve to 

improve our understanding of the risk-benefit properties for a multitude of clinically-

effective drugs.  

Confocal Raman micro-spectroscopy offers a novel approach for the quantitative 

study of bioaccumulation phenomena at the microscopic level, allowing direct chemical 

analysis of single cells without the need for radiolabels or fluorescent tags.(19-23) In 

short, an excitation laser is coupled to a confocal microscope via fiber optic cable and 

focused into a 3D voxel which then scans the sample. A portion of the laser light is 

absorbed by the sample, inducing molecular vibrations, while the remaining energy is 

scattered as light of different wavelengths. Scattered light is separated by a diffraction 

grating and the number of emitted photons at each wavelength is detected across a CCD 

detector array. The change in wavelength relative to the laser is referred to as the Raman 
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shift and is measured in wavenumbers (cm-1); the number of photons detected at each 

wavenumber form the basis of Raman spectra which serve as molecular “fingerprints” 

and can be interpreted to characterize the chemical composition of the analyzed sample. 

Advantages of Raman-based techniques include minimal sample preparation, non-

destructive analysis, and potential identification of unknown chemical species present 

within a sample of interest. While conventional methods such as flow cytometry, 

immunostaining, and fluorescent dyes provide only relative measurements, Raman 

enables the direct measurement of unadulterated cellular samples. Wielding submicron 

spatial resolution capabilities, confocal Raman micro-spectroscopy enables chemical 

composition analysis at the subcellular and cell population levels.(24-26) 

In an effort to improve cytometric phenotyping abilities and better understand a cell 

population that is highly variable between individuals, a novel Raman-based 

microanalysis was developed and employed to characterize pulmonary alveolar 

macrophages on the basis of chemical composition, specifically to measure and 

characterize intracellular drug distribution and phase separation in relation to proteins, 

lipids, and nucleic acids. Although Raman-based measurements of intracellular drug 

accumulation have been reported previously, to the best of our knowledge this study 

represents the first report of drug distribution mapped at the subcellular level in relation 

to the most abundant endogenous molecular species comprising typical eukaryotic 

cells.(4, 27, 28) Additionally, we introduce a novel analytical approach for the screening 

of bioaccumulation phenomena throughout cell populations, thereby establishing the 

analytical foundations for a robust quantitative high-content cytometric methodology that 

only requires a small number of cells. This makes the approach feasible for use in the 

clinical setting which will permit a more accurate cellular phenotypic analysis than ever 

before possible. Overall, this study demonstrates the feasibility of our novel sample 

preparation and Raman-based chemical characterization methodology for the purposes 

of alveolar macrophage compositional phenotyping and intracellular drug accumulation 

measurements. 
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3.4 Materials and Methods 

3.4.1 BAL Cell Isolation, Culture, and Preparation 

 C57BL/6 mice (4-week old males; Jackson Laboratory, Bar Harbor, ME) were 

acclimatized for 1 week in a pathogen-free animal facility prior to euthanasia via CO2 

asphyxiation. The tracheae were surgically isolated, cannulated, and alveolar cells were 

procured via bronchoalveolar lavage (BAL) with sterile phosphate-buffered saline (DPBS; 

Gibco Life Technologies, Carlsbad, CA) containing 0.5mM EDTA (Sigma).(29) BAL cell 

suspensions were centrifuged and cell pellets were resuspended in RPMI 1640 medium 

(Gibco Life Technologies, Carlsbad, CA) at ~300 cells/µL and 15µL of suspension was 

transferred to surface of sterilized silicon chips (5x5mm; Ted Pella, Inc., Redding, CA) 

within a 24-well plate (1 chip per well); cells were incubated (37oC, 5% CO2) for 1 hour to 

allow for adherence of macrophages. RPMI 1640 medium (750µL), blank or containing 

drug at the indicated concentration, was added to each well and cells were incubated for 

specified amounts of time (37oC, 5% CO2). Following drug incubation, culture medium 

was removed via vacuum and silicon chips were rinsed via brief submersion in isotonic 

saline (0.9% NaCl wt/wt) then deionized water to remove salt; the residual water was 

wicked away immediately with a Kimwipe to prevent cell lysis. Samples were air-dried, 

depositing the non-volatile cellular components as dry dispersions on the surface of 

silicon chips. 

 

3.4.2 Reagents and Reference Components 

 To generate representative reference sample spectra, the chemical components 

of interest were dissolved in an appropriate solvent and an aliquot was transferred to the 

surface of a silicon chip. The solvent evaporated at room temperature leading to 

deposition of reference material in the form of thin dispersions on the surface of the chip. 

Protein, lipid, and nucleic acid reference spectra were acquired from dispersions of bovine 

albumin (MP Biomedicals, Solon, OH), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
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(DPPC; Avanti Polar Lipids, Inc., Alabaster, AL), and DNA (from salmon sperm; AmResco 

Inc., Solon, OH), respectively. The following drug compounds were procured from various 

sources: nilotinib (free base; LC laboratories, Woburn, MA), chloroquine (diphosphate 

salt; Sigma-Aldrich Inc., St. Louis, MO), and etravirine (Advanced ChemBlocks Inc., 

Burlingame, CA). Drugs were dissolved in methanol, spotted on silicon chips and allowed 

to dry; reference spectra were obtained from each dry dispersion. 

 

3.4.3 Stoichiometric Calibration Methodology 

 Formulated as stoichiometric mixtures of drug and DPPC dissolved in a solution 

of methanol and water (5:1 respective volumetric ratio), a known volume was transferred 

to the surface of a silicon chip and the solvent was allowed to air-dry. Calibration samples 

were intelligently designed to result in thin dispersions of drug and phospholipid (in known 

mass ratios) that most closely represented the dimensions and conditions of the drug-

treated cell samples under investigation.  Additionally, stoichiometric mixtures of protein 

and DNA were dissolved in water, deposited onto silicon chips, and allowed to air-dry. 

Reference and calibration samples were analyzed using large area scan methodology 

and average spectra with standard deviations from each scan are reported herein. Least 

squares regression modelling was used to quantitatively interpret the acquired calibration 

spectra and extract the % signal for each component (i.e., phospholipid and drug). Linear 

correlation of % drug signal with the actual mass ratio of drug in phospholipid enabled 

inferring the extent of drug accumulation in discrete lipid inclusions. 

 

3.4.4 Raman Measurements 

 All Raman spectra and images were acquired by the WiTec alpha300R confocal 

Raman microscope equipped with the 532nm solid-state sapphire excitation laser (0-55 

mW, tunable intensity range) and a 100x air objective (Zeiss Epiplan-NEOFLUAR, N.A. 

= 0.9) coupled to CCD detector via a multi-mode fiber of 100µm diameter, serving as the 
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confocal pinhole. Single-cell Raman imaging was performed via continuous area scan 

across entire sample region. Each Raman image consisted of 90 × 90 spectra with 

exposure time of 0.3 seconds each, resulting in 8100 spectra with a total acquisition time 

of approximately 45 minutes per cell. Point spectra were acquired by focusing laser on 

nuclei or cytoplasmic inclusions and averaging Raman signal for 25 seconds. Integrated 

Raman spectra were acquired via continuous scan of a 20 × 20µm area using a 50x air 

objective lens (Zeiss Epiplan-NEOFLUAR, N.A. = 0.75) with pixel dimensions of 1µm2; 

the integration time was set to 0.1 seconds per spectrum, yielding 400 spectra with an 

acquisition time of ~1 minute per cell. 

 

3.4.5 Algorithmic Data Processing 

 Unless noted otherwise, all Raman spectral data were preprocessed using 

equivalent algorithm parameters. Initial data preprocessing was performed in WiTec 

Project FOUR software to remove cosmic ray interference and perform spectral 

smoothing. The data were then exported to Matlab® (Natick, MA USA) and the remainder 

of preprocessing and analysis were performed using algorithms developed in-house. The 

spectral regions of interest were excised from the dataset between the wavenumbers 

1200-3200 (cm-1) and used for all subsequent preprocessing. Background subtraction 

was performed via baseline estimation within multiple shifted windows across the spectra 

followed by regression of the varying baseline to window points via spline approximation. 

The spectra were then normalized by the standard deviation (yielding a standard 

deviation of 1 for all spectra). Spectral regions of interest, 1200-1800 cm-1 and 2700-3200 

cm-1 (including 2100-2300 cm-1 for etravirine-treated samples), were then interpreted via 

statistical analysis. Each pixel of integrated area scans was preprocessed individually and 

the spectral signals were summed across the entire scanned area, yielding a single 

Raman spectrum for each cell analyzed. 
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3.4.6 Statistical Interpretation of Raman Hyperspectral Datasets 

 To extract relevant chemical information from the acquired hyperspectral datasets, 

non-negative least squares regression modelling was employed; using pure component 

reference spectra, measured Raman spectra were deconvoluted to determine the relative 

signal contributions from each component of interest according to the following model: 

$%& = 	)*+%&* +	)-+%&- +	)6+%&6 +	.%&  

Where: 

/& = relative wavenumber or Raman shift (cm-1) 

$%& = measured sample spectrum 

+%&0 = component “n” reference spectrum 

)0 = component “n” regression estimate 

.%& = residual spectrum 

 

The relative signal contribution for each component was calculated using the 

regression estimators; the following example calculation was provided for clarity: 

% Component 1 Signal =	
)*

)* + )- + )6
	∗ 	100 

To assess model accuracy, the coefficient of determination (R2) was calculated by 

comparing the variance initially present in the measured sample spectrum with the 

remaining variance (calculated across the residual spectrum) after regression analysis 

and subsequently used to determine the fraction of information contained within the 

measured Raman spectrum that is unexplained by the reference component library as 

follows: 

7- = 1 −	9
/:;<:=>?(.%&)

/:;<:=>?($%&)
B	 

% Unexplained Signal = (1 - 7-) ∗ 100 
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For single cell imaging, the algorithm was applied on a per-pixel basis to every 

spectrum of cell image and pseudo-color Raman maps were generated using the relative 

signal contributions from each of the reference components. The coefficient of 

determination (R2) was calculated for each pixel and used to determine the relative 

percent of Raman signal unexplained by the reference library spectra; 3D surface plots 

were generated to indicate specific subcellular regions that deviated from the reference 

library components. For drug-treated cell samples, a four-component regression model 

was applied and the relative drug signal contribution was translated into relative drug 

mass according to the stoichiometric calibration curve. To assess subcellular drug 

distribution, single-cell Raman images were acquired and 3D surface plots were 

generated with the relative drug mass plotted on the z-axis.  

 

3.5 Results and Discussion 

3.5.1 Experimental Setup and Raman Microanalysis 

 Herein a silicon chip served as robust and reliable sample substrate; despite being 

exceptionally economical, they are often overlooked as a candidate-substrate for Raman 

microanalysis of single cells.(19) Sample preparation on silicon enabled isolation of 

adherent BAL cells from healthy mice, presumably alveolar macrophages, as thin dry 

dispersions on the surface of the chip. Upon reflected brightfield inspection, the cells 

exhibited a rainbow-colored appearance which was attributed to the thin-film interference 

of light passing through the sample and reflection from the silicon surface; indicating the 

vertical thickness of each cell was in the submicron range. Assuming the sample 

thickness to be less than 1.5 microns (equal to the theoretical height of the confocal voxel) 

Raman images acquired across a single z-plane were representative of the total cellular 

contents. Single-cell Raman imaging methodology was employed to acquire Raman 

hyperspectral datasets for 36 individual cells, which were then used to develop a robust 

computational algorithm (Figure 3-1B). The automated spectral pre-processing 

parameters, which included cosmic ray removal, a moving average smoothing matrix, 
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baseline correction, and normalization, were optimized to extract the pure sample Raman 

spectra on a per-pixel-basis.  

 

3.5.2 Statistical Modelling and Single-Cell Imaging 

 To translate the acquired Raman signals into chemically relevant information, a 

least squares regression model was employed.(30, 31) Although more sophisticated 

statistical approaches are commonly utilized (i.e., principal component analysis (32, 33)), 

least squares regression is most appropriate because it allows for direct quantitative 

measurement of specific phenotypic/compositional changes in macrophages that occur 

in response to drug exposure or lung injury, thereby providing direct extraction of 

biologically-relevant information from the acquired spectra. Utilizing the most abundant 

biochemical components present within a typical eukaryotic cell (i.e., protein, lipid, and 

nucleic acid) as reference spectra (Figure 3-1A), the measured sample spectra were 

deconvoluted into the relative signal contribution from each component, yielding R2 

values of >0.9 for most pixels of each Raman image – image pixels with R2 <0.75 were 

used to identify cell edges and assign silicon substrate to black. In terms of spectral 

modeling, extracted biomolecular components from eukaryotic cells are reported to yield 

Raman signals which can be accurately modelled using pure component reagent 

reference spectra (i.e., bovine albumin, bovine heart lipids, salmon sperm DNA, etc.) from 

commercially-available sources(23, 34-38); this is possible because all cellular proteins 

are composed of polypeptide chains with 20 different amino acids, lipids are primarily 

composed of long hydrocarbon chains, and nucleic acids are long sugar-phosphate 

chains of only 5 different nucleotides (DNA and RNA). A pseudo-color ternary scale 

(Figure 3-1C) was used to visualize the relative signal contributions from each component 

across the entirety of each measured cell, thereby generating Raman chemical images 

of individual cells (Figure 3-1D). Furthermore, regression analysis residuals were utilized 

to calculate the percent of unexplained spectral variance at each pixel of the Raman 

images (Figure 3-1E).  
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Punctate patterns were detected throughout the cytoplasm which gave rise to 

Raman signals unaccounted for by the reference spectra library; the most notable 

spectral deviations, revealed by the residual spectra, occurred around 1593 cm-1 (Figure 

S-2). The Raman band consistently observed at 1585 cm-1 likely represents mitochondrial 

cytochrome c; further studies are required to understand the relationship between this 

Raman signal and metabolic activity in eukaryotic cells.(39, 40) The presence of the 

cytochrome c peak in a punctate pattern associated with the cytoplasm of cells suggests 

cells remained viable during the course of drug treatment and confirms that cytochrome 

c did not leak out of mitochondria into the cytosol, before or during Raman image data 

acquisition. Within single cells, the cytoplasm could be clearly distinguished from the 

protein-rich nuclei; cytoplasmic inclusions gave rise to heterogeneous Raman signals 

which we attributed to the presence of lipid-rich inclusions (e.g., lamellar bodies, 

lysosomes, other membranous organelles, etc.) and nucleic acid-rich regions (e.g., 

mitochondria, stress granules, P bodies, etc.). Our Raman imaging methodology 

successfully revealed compositional heterogeneity on a per-cell basis and identified 

“foamy” lipid-laden macrophages throughout, indicating the feasibility of cell population 

phenotyping on a compositional basis (Figure 3-2A). Cell morphology as measured by 

our Raman methodology, namely subcellular distribution of biomolecular components 

and compartmentation of components in specific organelles (i.e., nucleus, cytoplasm, 

lipid-rich inclusions, etc.) was consistent with that reported by alternative staining 

techniques (i.e., phalloidin for protein, Oil Red O or Nile red for lipid, and DAPI for 

DNA)(41, 42) as well as Raman imaging studies reported by other groups (25, 33). 

To more thoroughly explore the intracellular structure of cells and confirm the 

validity of our statistical model, 1.5 × 1.5µm area average spectra corresponding with 

specific subcellular compartments were extracted from single-cell Raman images; the 

three regions of interest were nuclei, cytoplasm, and lipid-rich cytoplasmic regions which 

were respectively assigned visually as the large red circular spots (~10% cell volume), 

yellow-orange cytoplasmic regions, and bright-green cytoplasmic regions (Figure 3-2B). 

25 spectra were extracted from each of the specified regions of interest and deconvoluted 
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via regression modelling to estimate the relative signal contribution from each major 

component of interest (Figure 3-2C). The lipid-rich regions emitted Raman spectra which 

closely matched that of the phospholipid reference spectra DPPC, the primary chemical 

component of pulmonary surfactant.(43) Additionally, point spectra were acquired from 

the nuclei and corresponding cytoplasmic inclusion regions for 120 individual cells (Figure 

S-3, S-4). As evidenced by the averaged point spectra from 120 cytoplasmic inclusions, 

the unexplained band at 1585 cm-1 was absent from the most spectra, presumably 

because the entirety of each cell was not scanned. The calculated difference spectra 

revealed wavenumbers at which the most pronounced spectral differences occurred, 

which closely corresponded with the tentative vibrational assignments for the major 

Raman peaks of the most abundant biochemical species present in a typical eukaryotic 

cell (Table S-2)(23, 44). Cytoplasmic regions and the nuclei of untreated cells primarily 

yielded Raman signals most closely matching that of protein with less apparent 

contributions from lipid and nucleic acid. This was consistent with the following theoretical 

relative masses reported for a typical eukaryotic cell (dry weight): 65% protein, 15% lipid, 

5% nucleic acid (15% heterogeneous mixture of small molecular metabolites and 

ions).(45) Regression modelling estimated relative Raman signal contributions within the 

nuclei were 78.7 ± 5.64% protein signal and 14.8 ± 5.26% nucleic acid signal with a 

negligible lipid signal of 6.46 ± 4.03% (average ± S.D., n=120 cells). Quantitation via 

stoichiometric calibration with protein-to-DNA mixtures measured nucleic acid content at 

20.6 ± 5.14% of total dry mass within nuclei (Figure S-5) which was consistent with 

expected theoretical nucleic acid content for a typical eukaryotic cell nucleus. 

 

3.5.3 Screening Cell Populations for Intracellular Drug Accumulation 

 For characterization of drug sequestration and accumulation within alveolar 

macrophages, three test compounds were chosen based on physicochemical properties 

and previous reports of intracellular accumulation (Table S-3).(4, 10, 46) Reference 

spectra were acquired for each and characteristic peaks were identified to confirm each 
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compound emitted a spectrally-unique Raman signal (Figure S-6). The tyrosine kinase 

inhibitor nilotinib was chosen as the model compound for initial algorithm and quantitative 

method development purposes because it yields a relatively strong Raman signal and its 

intracellular accumulation has been reported by previous studies.(4) Stoichiometric 

calibration mixtures were generated, diluting the drug into lipid at known ratios, and the 

acquired Raman spectra were deconvoluted via regression modelling to extract the % 

nilotinib signal for each (Figure 3-3A). This methodology defined the linear range by 

correlating % drug signal with the actual relative mass (% wt/wt) in each calibration 

sample (Figure 3-3B); the linear range was experimentally determined to be 3.5% - 100% 

nilotinib (wt/wt). 

We then tested our methodology’s ability to detect temporal accumulation of 

sequestered drug compounds by isolating and incubating alveolar macrophages in the 

presence of 8 µM nilotinib for 24 and 48 hours. Samples were collected at appropriate 

time points, washed, dried, and analyzed via integrated Raman area scans (Figure 3-4A). 

The resulting “integrated” spectra represented the entirety of a cell’s chemical 

components because Raman signals were acquired across each entire cell and were 

summed into the total Raman signal, yielding a single “integrated” spectrum for each cell 

analyzed.(47) 20 individual cells were analyzed from each of the populations and their 

integrated spectra were algorithmically processed and interpreted via regression 

modelling (Figure 3-4B). Difference spectra were calculated by subtracting the average 

integrated spectrum of untreated control cells from each treated cell’s integrated 

spectrum; the calculated difference spectra matched closely with the pure nilotinib 

reference spectrum and the observed spectral differences were attributed to temporal 

accumulation of nilotinib within the alveolar macrophages. 

By deconvoluting the integrated spectra via regression modelling and employing 

the calibration curve, the mass % of drug accumulation relative to each cell’s total dry 

weight was determined for cell populations (Figure 3-4C). Our results indicated that after 

48 hours nilotinib represented 20% of an exposed cell’s total chemical composition on 

average. This suggests nilotinib becomes one of the most abundant chemical species 
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present within alveolar macrophages after 48-hour exposure, exceeding theoretical 

estimates for typical lipid content of 15%.(45) It should be noted that differential 

accumulation was observed throughout the population with some cells sequestering 

noticeably more drug than others. It is quite likely that differences in drug sequestering 

ability and/or phenotype exist on a cell-by-cell basis throughout each macrophage 

population, as this has been reported for other compounds.(12) Since integrated area 

scans summed the Raman signals from across the entirety of each cell, the unknown 

band at 1585 cm-1, attributed to mitochondrial cytochrome c, was clearly present in 

untreated cell spectra. Spectral overlap of this Raman signal with nilotinib’s characteristic 

Raman peak resulted in minimal spectral interference: an average of 1.29% nilotinib 

(wt/wt) was reported in untreated cells (which was below nilotinib’s limit of quantitation) 

and false-positives for drug detection occurred in <50% of the population. To verify 

method feasibility for the study of small molecules other than nilotinib, the test compounds 

chloroquine and etravirine were utilized. Stoichiometric calibration mixtures were utilized 

to experimentally determine the quantitative range of regression modelling for both 

compounds (Figure S-7).  

We then incubated isolated alveolar macrophages in the presence of 50 µM 

chloroquine or etravirine for 4 hours, before preparation and analysis via integrated 

Raman scans. The average untreated cell spectrum was subtracted from each of the 

processed spectra acquired from treated cells and difference spectra were generated for 

each treatment group (Figure S-8). Spectral overlay revealed clear matches between 

each drug’s reference spectrum and the calculated difference spectra, indicative of 

chemical bioaccumulation within exposed cells. Quantitative modelling estimated total 

cellular chloroquine content at 19.8 ± 13.9% (wt/wt) for the 20 cells analyzed; no false-

positives were detected among the untreated population. Etravirine accumulation was 

measured at 6.40 ± 3.47% (wt/wt) of the total cellular contents for 20 cells analyzed, 

suggesting method feasibility for detection and screening of differential drug 

bioaccumulation in cell populations. The accumulation of drug molecules inside cells can 

be attributed to ion trapping of weakly basic molecules within the acidic lysosomes of 
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cells, which is an important phenomenon with significant pharmacokinetic implications 

that is typically underrecognized but has been reported for many compounds.(4, 12, 48) 

 

3.5.4 Quantitative Single-Cell Imaging for Intracellular Drug Distribution Analysis 

Our Raman imaging algorithm was coupled with the stoichiometric calibration 

curve to quantitatively characterize intracellular accumulation and distribution of drug 

compounds in relation to subcellular compartments and endogenous biomolecules of 

interest. Drug incubation concentrations and exposure time were selected based on 

similar experimental studies that have also explored drug distribution inside cells, so our 

observations can be compared with the previous reports.4,10 First, the single-cell Raman 

imaging methodology was utilized to acquire datasets for individual macrophages 

incubated in the presence of 20 µM nilotinib for 8 hours. Four-component regression 

modelling extracted % component signals on the per-pixel basis with the pseudo-color 

ternary scale indicating the relative signal contribution from endogenous biomolecules; 

the % drug signal was plotted on the z-axis so that the biological color intensity was 

contingent on signal contribution: accordingly fading to black as the drug’s signal 

contribution increased (Figure 3-5A). On the x-y plane, Raman imaging enabled clear 

distinction between nucleus and cytoplasm and revealed the presence of lipid-rich 

regions, presumably lamellar bodies, throughout the cytoplasm (Figure 3-5B). Translation 

of nilotinib signals to relative mass (wt/wt) and subsequent generation of 3D surface plots 

revealed distinct cytoplasmic inclusions, each approximately 2-3 microns in diameter and 

consisting of 30-65% nilotinib (wt/wt) in each of the specified regions (Figure 3-5C). 

Nilotinib was below its limit of quantitation (3.5% wt/wt) for most pixels of the cell image. 

Extraction of average spectra from indicated regions of interest allowed for clear visual 

matching of the major signal-contributing components throughout different regions of the 

cell (Figure 3-5D). Considering the physical dimensions of the confocal voxel and the 

resolution of these images, our results strongly suggest that nilotinib is phase separating 

and potentially precipitating intracellularly, presumably from within the acidic lysosomal 
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compartments also known to accumulate lipids. Perhaps this explains why nilotinib self-

aggregates were observed in close proximity to lipid-rich cytoplasmic regions.(49) 

We then characterized the intracellular distribution patterns of chloroquine and 

etravirine accumulation in alveolar macrophages to show feasibility for quantitative 

chemical imaging of other compounds. Single-cell Raman images were acquired for cells 

from each treatment group and the datasets were algorithmically processed and 

interpreted using four-component regression modelling with respective drug reference 

spectra; the 3D pseudo-color scale was applied to each pixel of the processed datasets 

with the compound of interest plotted on the z-axis (Figure 3-6, 3-7) to visualize signal 

contributors. Utilizing stoichiometric calibration curves for chloroquine and etravirine 

(Figure S-7), the % drug signal was translated to relative mass (% wt/wt) for each pixel of 

the Raman images and 3D surface plots were generated to reveal the intracellular 

distribution of each compound. We detected chloroquine throughout the entire cell: 

nucleus and cytoplasm measured 10-15% (wt/wt), periphery regions of the cell were 15-

20%, while the central lipid-rich region measured only 1-3% (Figure 3-6C). 

Representative spectra were extracted from regions of interest and overlaid to match the 

Raman signals throughout the cell with those of the reference components and verify 

spectral contributions from chloroquine (Figure 3-6D). In contrast to chloroquine behavior, 

etravirine was practically absent from the cellular nucleus (Figure 3-7C). The compound’s 

signal varied throughout the cytoplasm, with many regions showing clear spectral 

contribution while others, specifically near the cell periphery, yielded drug-free Raman 

spectra (Figure 3-7D). Note the characteristic etravirine Raman peak at 2224 cm-1, 

attributed to the compound’s dual nitrile groups, was clearly detectable within treated 

cells.  

To the best of our knowledge, this study represents the first report of Raman-based 

measurements for quantitation of intracellular distribution of small molecule drugs in 

relation to the endogenous biomolecules of typical eukaryotic cells. Differential 

distribution behavior is attributable to the physicochemical properties of each drug 

compound. High logP (>3) of enabled drug partitioning into lipid membranes while the 
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weakly basic amines of nilotinib and chloroquine also enabled lysosomal ion-trapping 

accumulation. The low solubility of nilotinib facilitated phase separation and self-

aggregation from within the lysosomes, creating a solubility-equilibrium which greatly 

enhances intracellular accumulation. Our methodology offers a novel approach to 

quantitatively study intracellular drug accumulation and the corresponding phenotypic 

changes (i.e., phospholipid accumulation, “foam” cell formation, etc.) that are often 

associated with drug exposure and accumulation. Our results directly demonstrate the 

ability to monitor changes in the biochemical composition of alveolar macrophages that 

occur in response to drug exposure; more importantly, changes in the lipid and/or drug 

content of these cells have been heavily implicated in the pathogenesis of a multitude of 

lung injuries (i.e., drug exposure, idiopathic pulmonary fibrosis, etc.) for this cell 

population which can feasibly be obtained in the clinical setting. 

 

3.6 Conclusions 

 This study presents the foundation for a robust sample preparation and 

microanalysis methodology for Raman-based characterization of alveolar macrophages, 

specifically in the context of intracellular drug accumulation. Herein, we have 

demonstrated the ability to distinguish subcellular compartments based on chemical 

composition and identify “foamy” lipid-laden macrophages throughout cell populations; 

regression modelling coupled with our novel quantitative calibration enabled direct 

Raman measurements of cellular drug accumulation and intracellular distribution. 

Although future technological advances will enable faster, more reliable measurements, 

our proposed methodology will remain relevant. The broader implications and future 

directions of this work surround the mysterious and poorly understood role of “foamy” 

lipid-laden macrophages in the pathogenesis of a multitude of diseases such as drug-

induced phopsholipidosis and associated organ toxicity, idiopathic pulmonary fibrosis, 

and aspiration-induced lung injury including acute respiratory distress syndrome.(11, 41, 

50) Direct quantitation of total lipid content per cell is the next logical step in method 

development and will facilitate elucidation of the mysterious interplay between the lipid-
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laden macrophage phenotype and health status of the individual, specifically in the 

context of drug exposure and accumulation. We will analyze many cells throughout many 

populations; these datasets may then be statistically characterized using straightforward 

component-component linear correlations, principal component analysis, machine 

learning methods (such as mixed effects random forests), and predictive linear mixed 

models. This novel Raman-based cytometric approach will provide compositional profiles 

on the single-cell basis, thereby enabling the quantitative study of lung injury 

pathogeneses in a way which has not previously been possible. Since airway and alveolar 

macrophages are readily accessible in humans, we believe this cell population and our 

proposed methodology could provide a unique opportunity for the direct study of drug 

accumulation in patients, thereby enabling personalized therapies in the clinical setting. 

As humanity moves toward a future fraught with widespread drug use and greater overall 

exposure to xenobiotic small molecules, there exists an increasing need for the analysis 

of our absolute (bio)chemical composition in an effort to establish a reliable cytometric 

baseline profile for the idealized healthy individual. 
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3.9 Figures 
 

 
 
Figure 3-1. Raman imaging reveals spatial distribution and relative abundance of 
major biochemical components throughout single cells.  

(A) Regression model reference spectra with tentative vibrational assignments as indicated (a-k). (B) 
Computational algorithm outline for Raman data processing and interpretation methodology; reflected 
brightfield image of scan position. Scale bar: 5 µm. (C) Pseudo-color ternary scale for visualization of 
component signals (%) throughout Raman images. (D) Compiled Raman image results for a single cell; 
spectra were processed and interpreted on a per-pixel basis as described in the methods. Scale bar: 5 µm. 
(E) 3D surface plot with unexplained signals (%) on the z-axis; calculated R2>0.9 for most pixels of cell 
image (R2 = 0.9 is equivalent to 10% unexplained). 
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Figure 3-2. Alveolar macrophages exhibit heterogeneous composition on a per-cell 
basis. 

(A) Gallery of 36 cells analyzed with Raman imaging methodology. Scale bar: 10 µm. (B) Extracted average 
spectra (S.D. shown by shadow) from nuclei, cytoplasmic regions, and lipid-rich regions overlaid with 
protein and lipid (DPPC) reference spectra (n=25 spectra each group). (C) Regression modelling results 
for shown extracted spectra (average ± S.D.).  
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Figure 3-3. Stoichiometric calibration dataset for nilotinib in phospholipid. 

(A) Average Raman spectra (S.D. shown by shadow) acquired from area scans of each calibration 
standard. (B) Calibration curve showing strong correlation between % nilotinib signal acquired from 
regression modelling and actual % nilotinib (wt/wt) present in standard. 
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Figure 3-4. Screening cell populations for intracellular nilotinib accumulation. 

(A) Representative reflected brightfield image of alveolar macrophages prepared on silicon chip, illustrating 
the integrated scan areas for a group of cells. Scale bars: 1000 µm and 30 µm. (B) The average integrated 
Raman spectra (S.D. shown by shadow) for each cell population (n=20 cells each group); difference spectra 
reveal spectral contributions which closely match characteristic peaks of nilotinib reference spectra. (C) 
Quantitative measurements of nilotinib accumulation for each cell population (average ± S.D.). 
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Figure 3-5. Single-cell imaging for intracellular nilotinib distribution analysis. 

(A) 3D pseudo-color ternary scale with % nilotinib on z-axis; colors fade to black as % nilotinib approaches 
100. (B) Compiled Raman image results for a single treated cell. (C) The relative nilotinib mass plotted on 
the z-axis of 3D surface plot. Scale bar: 5 µm. (D) Extracted average spectra (S.D. shown by shadow) from 
indicated regions of interest (panel B) overlaid with relevant reference spectra. 
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Figure 3-6. Single-cell imaging for intracellular chloroquine distribution analysis. 

(A) 3D pseudo-color ternary scale with % chloroquine on z-axis; colors fade to black as % chloroquine 
approaches 100. (B) Compiled Raman image results for a single treated cell. (C) The relative chloroquine 
mass plotted on the z-axis of 3D surface plot. Scale bar: 5 µm. (D) Extracted average spectra (S.D. shown 
by shadow) from indicated regions of interest (panel B) overlaid with relevant reference spectra. 
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Figure 3-7. Single-cell imaging for intracellular etravirine distribution analysis. 

(A) 3D pseudo-color ternary scale with % etravirine on z-axis; colors fade to black as % etravirine 
approaches 100. (B) Compiled Raman image results for a single treated cell. (C) The relative etravirine 
mass was plotted on the z-axis of 3D surface plot. Scale bar: 5 µm. (D) Extracted average spectra (S.D. 
shown by shadow) from indicated regions of interest (panel B) overlaid with relevant reference spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 91 

3.10 References 

1. Fels AO, Cohn ZA. The alveolar macrophage. Journal of Applied Physiology. 
1986;60(2):353-69. 

 
2. Hocking WG, Golde DW. The pulmonary-alveolar macrophage. New England 

Journal of Medicine. 1979;301(11):580-7. 
 
3. Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-specific context. 

Nature Reviews Immunology. 2014;14(2):81-93. doi: 10.1038/nri3600. 
 
4. Fu D, Zhou J, Zhu WS, Manley PW, Wang YK, Hood T, et al. Imaging the 

intracellular distribution of tyrosine kinase inhibitors in living cells with quantitative 
hyperspectral stimulated Raman scattering. Nature Chemistry. 2014;6(7):614-22. 

 
5. Antonini JM, Reasor MJ. Accumulation of amiodarone and desethylamiodarone by 

rat alveolar macrophages in cell culture. Biochemical Pharmacology. 
1991;42:S151-S6. doi: http://dx.doi.org/10.1016/0006-2952(91)90405-T. 

 
6. Logan R, Kong AC, Krise JP. Time-Dependent Effects of Hydrophobic Amine-

Containing Drugs on Lysosome Structure and Biogenesis in Cultured Human 
Fibroblasts. Journal of Pharmaceutical Sciences. 2014;103(10):3287-96. doi: 
10.1002/jps.24087. 

 
7. Kaufmann AM, Krise JP. Lysosomal sequestration of amine-containing drugs: 

Analysis and therapeutic implications. Journal of Pharmaceutical Sciences. 
2007;96(4):729-46. doi: 10.1002/jps.20792. 

 
8. Anderson N, Borlak J. Drug-induced phospholipidosis. FEBS Letters. 

2006;580(23):5533-40. doi: 10.1016/j.febslet.2006.08.061. 
 
9. Halliwell WH. Cationic Amphiphilic Drug-Induced Phospholipidosis. Toxicologic 

Pathology. 1997;25(1):53-60. doi: 10.1177/019262339702500111. 
 
10. Zheng N, Zhang X, Rosania GR. Effect of phospholipidosis on the cellular 

pharmacokinetics of chloroquine. Journal of Pharmacology and Experimental 
Therapeutics. 2011;336(3):661-71. 

 



 

 92 

11. Martin WJ, Standing JE. Amiodarone pulmonary toxicity: biochemical evidence for a 
cellular phospholipidosis in the bronchoalveolar lavage of human subjects. Journal 
of Pharmacology and Experimental Therapeutics. 1988;244(2):774-9. 

 
12. Rzeczycki P, Yoon GS, Keswani RK, Sud S, Stringer KA, Rosania GR. Detecting 

ordered small molecule drug aggregates in live macrophages: a multi-parameter 
microscope image data acquisition and analysis strategy. Biomedical Optics 
Express. 2017;8(2):860-72. doi: 10.1364/BOE.8.000860. 

 
13. Sadrieh N. The Regulatory Challenges of Drug-Induced Phospholipidosis - 

Presented in part at the FDA Advisory Committee for Pharmaceutical Science and 
Clinical Pharmacology meeting. 2010. 

 
14. Garg J, Agrawal N, Marballi A, Agrawal S, Rawat N, Sule S, et al. Amiodarone 

induced pulmonary toxicity: An unusual response to steroids. The American Journal 
of Case Reports. 2012;13:62. 

 
15. Yoneda KY, Hardin KA, Gandara DR, Shelton DK. Interstitial Lung Disease 

Associated with Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor 
Therapy in Non–Small-Cell Lung Carcinoma. Clinical Lung Cancer. 2006;8:S31-S5. 
doi: https://doi.org/10.3816/CLC.2006.s.011. 

 
16. Chatman LA, Morton D, Johnson TO, Anway SD. A Strategy for Risk Management 

of Drug-Induced Phospholipidosis. Toxicologic Pathology. 2009;37(7):997-1005. 
doi: doi:10.1177/0192623309352496. 

 
17. Reasor MJ, Hastings KL, Ulrich RG. Drug-induced phospholipidosis: issues and 

future directions. Expert Opinion on Drug Safety. 2006;5(4):567-83. 
 
18. Reasor MJ, Kacew S. Drug-induced phospholipidosis: are there functional 

consequences? Experimental Biology and Medicine. 2001;226(9):825-30. 
 
19. Bocklitz TW, Guo S, Ryabchykov O, Vogler N, Popp J. Raman Based Molecular 

Imaging and Analytics: A Magic Bullet for Biomedical Applications!? Analytical 
Chemistry. 2016;88(1):133-51. doi: 10.1021/acs.analchem.5b04665. 

 
20. Fu D, Lu F-K, Zhang X, Freudiger C, Pernik DR, Holtom G, et al. Quantitative 

chemical imaging with multiplex stimulated Raman scattering microscopy. Journal 
of the American Chemical Society. 2012;134(8):3623-6. 



 

 93 

 
21. Hosokawa M, Ando M, Mukai S, Osada K, Yoshino T, Hamaguchi H-o, et al. In vivo 

live cell imaging for the quantitative monitoring of lipids by using Raman 
microspectroscopy. Analytical Chemistry. 2014;86(16):8224-30. 

 
22. Ho S-H, Shimada R, Ren N-Q, Ozawa T. Rapid in vivo lipid/carbohydrate 

quantification of single microalgal cell by Raman spectral imaging to reveal salinity-
induced starch-to-lipid shift. Biotechnology for Biofuels. 2017;10(1):9. 

 
23. Lu F-K, Basu S, Igras V, Hoang MP, Ji M, Fu D, et al. Label-free DNA imaging in 

vivo with stimulated Raman scattering microscopy. Proceedings of the National 
Academy of Sciences. 2015;112(37):11624-9. 

 
24. Konorov SO, Schulze HG, Atkins CG, Piret JM, Aparicio SA, Turner RF, et al. 

Absolute quantification of intracellular glycogen content in human embryonic stem 
cells with Raman microspectroscopy. Analytical Chemistry. 2011;83(16):6254-8. 

 
25. Stiebing C, Matthäus C, Krafft C, Keller A-A, Weber K, Lorkowski S, et al. 

Complexity of fatty acid distribution inside human macrophages on single cell level 
using Raman micro-spectroscopy. Analytical and Bioanalytical Chemistry. 
2014;406(27):7037-46. 

 
26. Galler K, Requardt RP, Glaser U, Markwart R, Bocklitz T, Bauer M, et al. Single cell 

analysis in native tissue: Quantification of the retinoid content of hepatic stellate 
cells. Scientific Reports. 2016;6. 

 
27. El-Mashtoly SF, Petersen D, Yosef HK, Mosig A, Reinacher-Schick A, Kötting C, et 

al. Label-free imaging of drug distribution and metabolism in colon cancer cells by 
Raman microscopy. The Analyst. 2014;139(5):1155-61. doi: 10.1039/c3an01993d. 

 
28. Konrad M, Johanna N, Ulrich S, Nils MN, A. SD, Martina H. Label-Free Imaging of 

Metal–Carbonyl Complexes in Live Cells by Raman Microspectroscopy. 
Angewandte Chemie International Edition. 2010;49(19):3310-2. doi: 
doi:10.1002/anie.201000097. 

 
29. Gonçalves R, Mosser DM. The Isolation and Characterization of Murine 

Macrophages. Current Protocols in Immunology. 2015;111(1):14.1.1-.1.6. doi: 
doi:10.1002/0471142735.im1401s111. 

 



 

 94 

30. Ong YH, Lim M, Liu Q. Comparison of principal component analysis and 
biochemical component analysis in Raman spectroscopy for the discrimination of 
apoptosis and necrosis in K562 leukemia cells. Optics Express. 2012;20(20):22158-
71. 

 
31. Bergholt MS, Zheng W, Lin K, Ho KY, Teh M, Yeoh KG, et al. Characterizing 

variability in in vivo Raman spectra of different anatomical locations in the upper 
gastrointestinal tract toward cancer detection. Journal of Biomedical Optics. 
2011;16(3):037003--10. 

 
32. Morita S-i, Takanezawa S, Hiroshima M, Mitsui T, Ozaki Y, Sako Y. Raman and 

Autofluorescence Spectrum Dynamics along the HRG-Induced Differentiation 
Pathway of MCF-7 Cells. Biophysical Journal. 2014;107(10):2221-9. doi: 
https://doi.org/10.1016/j.bpj.2014.10.002. 

 
33. Ichimura T, Chiu L-d, Fujita K, Machiyama H, Kawata S, Watanabe TM, et al. 

Visualizing the appearance and disappearance of the attractor of differentiation 
using Raman spectral imaging. Scientific Reports. 2015;5:11358. doi: 
10.1038/srep11358 

 
34. Kuzmin AN, Pliss A, Prasad PN. Changes in Biomolecular Profile in a Single 

Nucleolus during Cell Fixation. Analytical Chemistry. 2014;86(21):10909-16. doi: 
10.1021/ac503172b. 

 
35. O'Malley J, Kumar R, Kuzmin AN, Pliss A, Yadav N, Balachandar S, et al. Lipid 

quantification by Raman microspectroscopy as a potential biomarker in prostate 
cancer. Cancer Letters. 2017;397:52-60. doi: 
https://doi.org/10.1016/j.canlet.2017.03.025. 

 
36. Kuzmin AN, Pliss A, Kachynski AV. Biomolecular component analysis of cultured 

cell nucleoli by Raman microspectrometry. Journal of Raman Spectroscopy. 
2013;44(2):198-204. doi: doi:10.1002/jrs.4173. 

 
37. Kuzmin AN, Levchenko SM, Pliss A, Qu J, Prasad PN. Molecular profiling of single 

organelles for quantitative analysis of cellular heterogeneity. Scientific Reports. 
2017;7(1):6512. doi: 10.1038/s41598-017-06936-z. 

 



 

 95 

38. Kuzmin A, Pliss A, Prasad P. Ramanomics: New Omics Disciplines Using Micro 
Raman Spectrometry with Biomolecular Component Analysis for Molecular Profiling 
of Biological Structures. Biosensors. 2017;7(4):52. 

 
39. Hamada K, Fujita K, Smith NI, Kobayashi M, Inouye Y, Kawata S, editors. Raman 

microscopy for dynamic molecular imaging of living cells. SPIE. 2008. 
 
40. Okada M, Smith NI, Palonpon AF, Endo H, Kawata S, Sodeoka M, et al. Label-free 

Raman observation of cytochrome c dynamics during apoptosis. Proceedings of the 
National Academy of Sciences. 2012;109(1):28-32. doi: 10.1073/pnas.1107524108. 

 
41. Romero F, Shah D, Duong M, Penn RB, Fessler MB, Madenspacher J, et al. A 

Pneumocyte–Macrophage Paracrine Lipid Axis Drives the Lung toward Fibrosis. 
American Journal of Respiratory Cell and Molecular Biology. 2015;53(1):74-86. doi: 
10.1165/rcmb.2014-0343OC. 

 
42. Farrera C, Fadeel B. Macrophage Clearance of Neutrophil Extracellular Traps Is a 

Silent Process. The Journal of Immunology. 2013. doi: 10.4049/jimmunol.1300436. 
 
43. Goerke J. Pulmonary surfactant: functions and molecular composition. Biochimica 

et Biophysica Acta (BBA) - Molecular Basis of Disease. 1998;1408(2):79-89. doi: 
https://doi.org/10.1016/S0925-4439(98)00060-X. 

 
44. Movasaghi Z, Rehman S, Rehman IU. Raman Spectroscopy of Biological Tissues. 

Applied Spectroscopy Reviews. 2007;42(5):493-541. doi: 
10.1080/05704920701551530. 

 
45. Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. Molecular cell 

biology 4th edition. National Center for Biotechnology Information Bookshelf. 2000. 
 
46. Ter Heine R, Mulder JW, Van Gorp ECM, Wagenaar JFP, Beijnen JH, Huitema 

ADR. Intracellular and plasma steady-state pharmacokinetics of raltegravir, 
darunavir, etravirine and ritonavir in heavily pre-treated HIV-infected patients. 
British Journal of Clinical Pharmacology. 2010;69(5):475-83. doi: 10.1111/j.1365-
2125.2010.03634.x. 

 
47. Schie IW, Kiselev R, Krafft C, Popp J. Rapid acquisition of mean Raman spectra of 

eukaryotic cells for a robust single cell classification. Analyst. 2016;141(23):6387-
95. 



 

 96 

 
48. Baik J, Stringer KA, Mane G, Rosania GR. Multiscale distribution and 

bioaccumulation analysis of clofazimine reveals a massive immune system-
mediated xenobiotic sequestration response. Antimicrobial Agents and 
Chemotherapy. 2013;57(3):1218-30. 

 
49. van Manen H-J, Kraan YM, Roos D, Otto C. Single-cell Raman and fluorescence 

microscopy reveal the association of lipid bodies with phagosomes in leukocytes. 
Proceedings of the National Academy of Sciences of the United States of America. 
2005;102(29):10159-64. 

 



  
 
 
 
 
 

 97 

CHAPTER 4 

Inkjet-Printed Micro-Calibration Standards                                                                   
for Ultraquantitative Raman Spectral Cytometry 

 
4.1 Relevance to Thesis 

 To address specific aim 2 of my thesis research and develop a micro-Raman-

based analytical methodology to simultaneously measure the absolute, or total amount, 

of each major biomolecular component (or sequestered xenobiotic) present inside a 

single eukaryotic cell, I invented and developed cell-sized micro-calibration standards. 

Using an inkjet materials printer, I was able to successfully deposit 10pL droplets of 

aqueous ink formulations into microarrays across the surface of silicon chips: 

conveniently the same sample substrate used for cell sample preparation. The major 

innovative aspect of this work stemmed from collaborations with a multitude of 

interdisciplinary scientists and engineers. Formulation of protein inks were relatively 

facile, as my model protein (albumin) dissolved readily into water. Since lipids are the 

second most abundant biomolecular species present in typical eukaryotic cells, there was 

a need to formulate lipids and protein together in known ratios before inkjet printing these 

substances into micro-calibration standards. To overcome the low solubility barrier of 

lipids in water, I utilized synthetic high-density lipoprotein nanodiscs (HDLs), which were 

synthesized in collaboration with pharmaceutical formulation scientists. 

 These HDL nanoparticles exhibited a particle size of approximately 10nm, 

conveniently similar in size to a single albumin molecule, and therefore were essentially 

“dissolved”, for all practical purposes. Furthermore, HDLs allowed lipids to be mixed 

homogeneously with albumin in water, ultimately enabling the inkjet printing of micro-
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calibration standards that have the same relative and absolute mass as actual biological 

cells (e.g., 500pg of protein and 150pg of lipid together in a single cell). When the water 

evaporates from each droplet, the non-volatile components are deposited as thin dry 

dispersions on the surface of the silicon chip (for clarity, a10pL droplet of a 100pg/pL 

albumin solution contains 1000pg of total protein once water evaporates), thereby 

mimicking the sample preparation of actual eukaryotic cells that we are ultimately seeking 

to measure. Collaboration with materials science engineers allowed us to characterize 

the actual dimensions of the cell sample preparation and the micro-calibration standards, 

and ultimately show that they are on the same size scale. 

Since I was able to fabricate cell-sized calibration standards of known mass and 

composition, these standards could then be utilized to quantitatively-calibrate the Raman 

microscope for single-cell analysis. As previously introduced in Chapter 3 of my thesis, 

the integrated area scan acquisition methodology was utilized and herein shown to be a 

valid approach for the ultraquantitative measurements proposed; this approach involves 

the excitation laser scanning across an area of interest (i.e., a single cell or a single 

calibration standard) and collecting the total, or integrated, Raman signal. Since this 

signal was collected over the entirety of the sample, it was assumed to be representative, 

both qualitatively and quantitatively, of that sample’s molecular composition. By 

fabricating and analyzing a range of micro-calibration standards with various relative 

compositions, I was able to verify the linearity of acquired Raman signals in relation to 

absolute, or total, mass present within a given area scan (i.e., as the total mass within a 

scanned area increases, the acquired Raman signals increase linearly). In this way, the 

signal-to-mass ratio (i.e., CCD counts / picogram material) for a multitude of molecular 

components of interest could be experimentally determined for a given set of acquisition 

parameters on a given instrument. Conveniently, this theory harmonized perfectly with 

the current working statistical model, non-negative linear least squares regression, 

allowing to simultaneously solve for the picograms of each major biomolecular component 

of interest present within a single cell by deconvoluting the integrated spectrum acquired 

across the entirety of said cell using quantitatively-calibrated reference spectra. 
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The invention of the inkjet-printed micro-calibration standards and application 

presented herein for ultraquantitative Raman spectral cytometry directly addresses 

specific aim 2 of my thesis and simultaneously enables quantitative cytometric 

phenotyping based on chemical composition the likes of which has never been reported 

before. In this chapter we show proof-of-concept for cell analysis using human skin 

fibroblasts (in the context of Niemann-Pick type C cholesterol/lipid storage disorder) and 

pig alveolar macrophages (in the context of amiodarone-induced phospholipidosis). The 

application of our mimic cell microarrays for quantitative calibration of single-cell 

measurements is not limited to Raman microscopy, as demonstrated herein; this 

technology could prove useful for quantitation in other single-cell techniques such as laser 

desorption and/or ionization mass spectrometry. The findings from this study represent a 

significant advancement in the cytometry field and open the doors of quantitative scientific 

perception to the entirety of the intracellular biomolecular matrix without artificial chemical 

tags, providing an approach by which scientists and clinicians may holistically explore the 

unadulterated biochemical realm within single cells: the building blocks of life. 

 

4.2 Abstract 

Herein we report the development of a cytometric analysis platform for measuring 

the contents of individual cells in absolute (picogram) scales; this study represents the 

first report of Raman-based quantitation of the absolute mass – or the total amount – of 

multiple endogenous biomolecules within single-cells. To enable ultraquantitative 

calibration, we engineered single-cell-sized micro-calibration standards of known 

composition by inkjet-printer deposition of biomolecular components in microarrays 

across the surface of silicon chips. We demonstrate clinical feasibility by characterizing 

the compositional phenotype of human skin fibroblast and porcine alveolar macrophage 

cell populations in the respective contexts of Niemann-Pick disease and drug-induced 

phospholipidosis: two types of lipid storage disorders. We envision this microanalytical 

platform as the foundation for many future biomedical applications, ranging from 
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diagnostic assays to pathological analysis to advanced pharmaco/toxicokinetic research 

studies.   

 

4.3 Introduction 

Single-cell analytical technologies have transformed modern biomedical sciences 

by providing researchers an avenue through which to explore subcellular phenomena and 

characterize cell population heterogeneity. Over the past decade these techniques have 

seen rapid development due to rising awareness of the significance of cell population 

diversity and the pathophysiological consequences of cell subpopulations that play crucial 

roles in different disease states.(1) Lipid storage diseases, either inherited (e.g., 

Niemann-Pick disease) or acquired (e.g., drug-induced phospholipidosis, 

atherosclerosis), manifest as the inappropriate accumulation of lipids and other small 

molecules within various cells of the body; many of these disorders are poorly understood 

and notoriously challenging to diagnose.(2-6) As such, a cytometric approach to 

quantitatively measure the absolute amount of cellular material and bioaccumulating 

contents – herein referred to as “ultraquantitation” – would provide valuable insight into 

the mechanisms of storage disorder pathogenesis at the single-cell level where it occurs, 

with foreseeable application as a diagnostic tool in the clinical setting.  

Since the first reported Raman microanalysis of eukaryotic cells in 1990, 

technological innovation has facilitated the evolution of Raman microscopes into powerful 

analytical tools with incredible potential in the biomedical sciences.(7-13) Raman 

microscopy enables the chemical analysis of single cells with submicron resolution.(14-

18) In short, an excitation laser induces molecular vibrations in the sample which scatter 

light across a multitude of wavelengths; the scattered lights are collected and directed 

across a Charge-Coupled Device (CCD) and the number of photons at each wavelength 

are converted to electrical signals (i.e., CCD counts), generating Raman spectra which 

serve as molecular fingerprints that can be interpreted to determine the chemical 

composition of the sample. Although there are a multitude of reliable reports on Raman-
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based “absolute” quantitation at the single-cell level, these studies utilize approaches 

which are limited to estimates of single-cell content from population measurements (e.g., 

0.1mg protein/106 cells equates to 100pg protein/cell)(19, 20) or to absolute concentration 

measurements of multiple biomolecules within specific subcellular compartments (e.g., 

mg/mL protein, lipid, RNA, and DNA within mitochondria, nucleus, etc.).(18, 21) While 

these studies report on “absolute” measurements in single-cells, the population average 

and intracellular concentration measurements are inadequate to answer our long-term 

research question: how much total material is present in each individual cell? Is there a 

single cell population or multiple, distinct cell populations in the sample? While population 

average and subcellular concentration measurements certainly provide valuable insight, 

there are a number of cytometric phenomena that could go unnoticed because of the 

significant heterogeneity of cell populations. As it specifically relates to the phenotypic 

analysis of cellular lipid content, the major advantages of our ultraquantitative absolute 

measurements of total cellular composition are the ability to quantitatively identify “foamy” 

lipid-laden outlier cells within a population (whereas the influence of lipid-laden outlier 

cells is diminished through population average measurements of lipid content) and to 

quantitatively characterize the distribution of compositional phenotypes throughout a cell 

population (i.e., two cells might have equivalent intracellular concentrations of lipid but 

one is much bigger and therefore carries a greater total quantity of cargo). We are herein 

expanding upon the quantitative aspects of previous approaches such as these to make 

absolute measurements of the total amount of biomolecular material present inside 

individual eukaryotic cells. 

Although the Raman bioanalytical field has blossomed over the past three 

decades, with substantial advancements in overall instrument performance and a 

multitude of commercial instruments now available on the market, a standardized 

quantitative calibration technology for the absolute simultaneous measurement of 

biomolecular contents in single cells has yet to be firmly established; as such, we herein 

propose a Raman analytical methodology for the simultaneous measurement of the major 

biomolecular components present within single cells using a novel quantitative calibration 
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technology.(22) Our methodology’s theoretical foundation was inspired by two separate 

Raman-based studies of eukaryotic cells: the first measured the absolute amount of a 

single analyte, glycogen, inside human embryonic stem cells using thin layers of pure 

glycogen as calibration standards while the second verified integrated area scans over 

the entirety of individual cells as the optimal Raman acquisition parameters for robust 

single cell classification.(23, 24) Harmonizing the theoretical concepts from these two 

studies elucidated the feasibility of simultaneous absolute quantitation of each major 

biomolecular component within typical eukaryotic cells, namely protein, lipid, 

carbohydrate, and nucleic acid.  

Through extensive multidisciplinary collaboration, we fabricated cell-sized micro-

calibration standards of known mass and composition using inkjet printing technology 

with custom biomolecular ink formulations. We utilized synthetic high-density lipoprotein 

nanodiscs (HDLs) to overcome solubility barrier and dissolve known amounts of 

phospholipid in aqueous ink formulations. Using an inkjet materials printer, 10pL ink 

droplets were deposited in microarray patterns across the surface of silicon chips; the 

water from the aqueous-based ink formulations quickly evaporated, depositing the non-

volatile biomolecular components as thin dry dispersions across the surface of silicon 

chips; for example, a 10pL droplet of a 100mg/mL albumin ink solution would contain in 

total 1000pg of protein that would be deposited as water evaporated. Using the 

established method for cell sample preparation,(16) eukaryotic cells were allowed to 

adhere to the surface of silicon chips before brief washing and air-drying to form thin 

dispersions on the surface of silicon chips. The thin-film interference of light passing 

through the sample and reflecting off the silicon surface led to a rainbow-colored 

appearance of cell samples and suggested that the height of dry cell dispersions was 

typically less than 1µm. To confirm, we measured the topography of air-dried cell 

dispersions on silicon using atomic force microscopy. Similarly, we confirmed that the 

height and area of the inkjet-printed, micro-calibration standards was similar to the height 

and area of the cell samples of interest. 
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For the acquisition of Raman data, we employed a continuous area scan 

methodology where the excitation laser scans across the entirety of a given sample, 

collecting individual spectra at each pixel of the analyzed area; because the height of the 

532nm laser confocal voxel (~1.5µm) exceeded the height of our micro-calibration and 

cell samples, the total mass of each sample could be analyzed in a single-plane Raman 

area scan. When analyzed with equivalent acquisition parameters, Raman data acquired 

from the biomolecular micro-calibration standards could be used to quantitatively interpret 

Raman data acquired from cells of interest. Because each micro-calibration standard 

contained a known total mass of material, the total (or “integrated”) Raman signal 

acquired from that standard can be used to define the signal-to-mass ratio (i.e., CCD 

counts/picogram) for the acquisition methodology. Using linear combination modelling 

with quantitatively-calibrated pure component reference spectra, the integrated Raman 

spectrum from a single cell (CCD counts) could thereby be deconvoluted into the total 

mass of each component of interest present within that cell (picograms of protein, lipid, 

nucleic acid, etc.). 

Through extensive multidisciplinary collaboration, we fabricated cell-sized micro-

calibration standards of known absolute mass and biomolecular composition; using 

equivalent acquisition parameters, integrated Raman area scan data acquired from the 

micro-calibration standards was used to quantitatively interpret Raman data acquired 

from cells of interest. This approach enabled quantitative phenotypic characterization of 

cell populations – applicable to multiple cell types and species – on the basis of absolute 

biomolecular composition, specifically measuring the total amounts of protein, lipid, 

nucleic acid and carbohydrate present inside individual eukaryotic cells. It should be 

noted that the proposed calibration technique is currently limited to dried cells because 

the micro-calibration standards are fabricated as dry dispersions, though rehydration has 

not yet been tested. Conveniently, this apparent methodological shortcoming actually 

harmonizes well with our long-term goal of clinical sample analysis where cell samples 

are commonly prepared as dry dispersions on substrates via cytocentrifugation. 

Ultimately, the development of robust quantitative micro-calibration standards for Raman 
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instruments will facilitate interlaboratory comparisons of Raman-based cell analyses and 

contribute to the harmonious advancement of Ramanomics disciplines at the global 

level.(14) We have termed our novel approach ultraquantitative Raman spectral 

cytometry and believe it represents a significant advancement in the field of Raman-

based biomedical applications. 

 

4.4 Materials and Methods 

4.4.1 Materials 

 Silicon chips (5x5mm; Ted Pella, Inc., Redding, CA) served as substrates for all 

Raman measurements performed herein. The following reagents were used to generate 

the reference spectra library: bovine albumin (MP Biomedicals; Solon, OH), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Avanti Polar Lipids, Inc., Alabaster, AL), 

1,2-dioleoyl-sn¬-glycero-3-phsophocholine (DOPC; Avanti Polar Lipids, Inc., Alabaster, 

AL), DNA (from salmon sperm; AmResco Inc., Solon, OH), and cholesterol (ovine; Avanti 

Polar Lipid, Inc., Alabaster, AL). Polysorbate 20 (Bio-Rad Laboratories, Inc., Hercules, 

CA) was utilized as surfactant in diluent for albumin ink formulations. The following 

reagents were used to formulate HDL nanoparticle suspensions: 22A 

(PVLDLFRELLNELLEALKQKLK) was synthesized by Genscript (Piscataway, NJ), using 

solid-phase Fmoc (9-fluorenylmethyl carbamate) chemistry and purified with reverse 

phase chromatography (>95 % pure). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) was purchased from NOF America Corporation (White Plains, NY) and 

cholesterol was obtained from Sigma-Aldrich (St. Louis, MO). 

 

4.4.2 Preparation and Characterization of Synthetic High-Density Lipoproteins 

 Synthetic high-density lipoproteins (HDL) composed of 22A peptide and DPPC 

was prepared by a co-lyophilization procedure (Di Bartolo et al., 2011). Briefly, peptide 

and phospholipid were dissolved in glacial acetic acid, mixed at 1:2 wt/wt ratio, and 
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lyophilized overnight. The powder was rehydrated with water to make 30 mg/mL (based 

on peptide concentration) HDL and thermocycled between 55° C (10 min) and room 

temperature (10 min) thrice to facilitate HDL formation. HDL containing cholesterol was 

prepared using a thin film method (Tang et al., 2017). DPPC and cholesterol (10:1 wt/wt) 

were dissolved in chloroform and 22A was dissolved in water/methanol (3:4 v/v) solvents. 

Then, lipid and peptide solutions were combined at 1:2 (wt/wt) 22A-to-DPPC ratio, 

sonicated for 1 min at room temperature, and solvents evaporated under the stream of 

N2 gas to form a thin film. Lastly, the film was rehydrated in water for a final 90 mg/mL 

concentration (60mg/mL lipid and 30mg/mL peptide 22A) and then probe sonicated for 2 

min at 4W with 10 sec pulses to form HDL-containing cholesterol. The resulting HDL 

complexes were diluted to 1 mg/mL (based on peptide concentration) with water and 

analyzed by gel permeation chromatography (GPC) for purity using 7.8 mm x 30 cm 

Tosoh TSK gel G3000SWxl column (Tosoh Bioscience, King of Prussia, PA) with 1 

mL/min flow rate (PBS pH 7.4). Free peptide and HDL peaks were detected at 220 nm. 

The HDL hydrodynamic diameters were determined in water at 1 mg/mL by dynamic light 

scattering (DLS) using a Zetasizer Nano ZSP, Malvern Instruments (Westborough, MA).  

The volume intensity average values (± SD) were reported. Nanoparticle size and 

morphology were verified using transmission electron microscopy. 

 

4.4.3 Aqueous Printer Ink Formulations 

 All fluidic printer inks were formulated as aqueous solutions and/or nanoparticulate 

suspensions in HPLC-grade water. To ensure accurate and precise performance of 

different ink solutions, each was formulated to achieve the following fluid property 

specifications: viscosity within the ranges of 0.010 to 0.012 Pa*s at 25oC, surface tension 

within the range of 28-33 mN/m, a maximum suspended particle size of 200nm or less, 

and the absence of dissolved gas. A stock solution of 100mg/mL albumin was formulated 

in diluent (0.25% polysorbate 20 in HPLC-grade water) to reduce surface tension between 

28 and 33 dynes/cm and achieve viscosity between 0.010 and 0.012 Pa*s; in this way, a 

10pL drop would theoretically contain 1000pg of protein with negligible surfactant content 
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(<0.5% wt/wt). Additional albumin inks were formulated by serial dilutions of albumin stock 

with diluent to generate 500pg, 250pg, and 100pg protein micro-calibration standards. By 

formulating aqueous printer inks with (synthetic) high density lipoprotein particles (stock 

solution containing 90mg/mL HDL in water), we were able to use the inkjet printer to 

fabricate calibration dot microarrays with known amount of total phospholipid present. 

Multi-component calibration mixtures were created by stoichiometric mixtures of albumin 

stock solution with HDL or HDL+cholesterol stock solutions; by varying the concentrations 

of protein and HDL particles and incorporating cholesterol, we inkjet-printed mixed 

composition micro-calibration standards of three unique compositions: 1) 350pg 

protein/peptide, 200pg lipids, and 20pg cholesterol; 2) 575pg protein/peptide, 150pg 

lipids, and 0pg cholesterol; 3) 550pg protein/peptide, 100pg lipids, and 10pg cholesterol. 

 

4.4.4 Piezoelectric Inkjet Printing of Microarrays 

 Approximately 1.5mL of each fluidic printer ink was first de-gassed via sonication 

and filtered through a 0.22µm filter directly into separate printer cartridges (10pL drop 

volumes).  A Dimatix MP-2831 piezoelectric inkjet materials printer (FUJIFILM Dimatix, 

Inc., Santa Clara, CA) equipped with specific cartridge fluid modules and piezoelectric 

inkjet nozzles, was used to deposit droplets of 10pL volumes with tailor-made ink 

formulations in a defined array pattern across the surface of silicon chips. Printing 

parameters, specifically the piezoelectric jetting waveform shown in Figure 4-1b and the 

nozzle temperature set to 35oC, were used to enable successful deposition of each fluid 

across the surface of the silicon chips as microarrays. We printed these droplets on to 

5mm x 5mm silicon wafer chips that are well-suited for Raman spectral imaging, as they 

possess a low and constant background signal that can be subtracted out from the cellular 

signal. The droplets were air dried directly on the chip in approximately 1 minute with a 

substrate temperature of 40oC and atmospheric pressure (1 atm), and were visible as 

brightly colored spots under reflected light illumination. 
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4.4.5 Atomic Force Microscopy 

 Topographical images of micro-calibration standards and fibroblast preparations 

on silicon chips were obtained using a Bruker Innova AFM with TESPA probes in tapping 

mode to measure the height across the area of each sample of interest. The data in each 

image was plane-fit to establish a level background of the silicon substrate and height 

data at each image pixel was used to generate pseudo-color topographical maps for each 

sample analyzed using NanoScope Analysis v1.6. 

 

4.4.6 Raman Measurements 

 All Raman measurements were recorded using a WITec alpha300 R Confocal 

Raman Imaging Microscope (Ulm, Germany) equipped with a 50X air objective lens 

(Zeiss EC EPIPLAN, N.A.=0.75) and 532nm solid-state excitation laser (0-55mW, tunable 

intensity range with attenuator dial) coupled to a CCD detector via a 100µm diameter 

multi-mode fiber-optic cable. Raman area scans were performed by first locating the 

optimal laser focal plane for sample excitation (yielding the greatest signal intensity from 

2800-3100cm-1 for biological materials) then continuously acquiring data across that area 

of interest by scanning in raster pattern, presumably exciting the entirety of the sample 

material present. The excitation laser intensity was kept constant between sample scans. 

Fibroblast cell datasets and corresponding calibration standard datasets were acquired 

via 60x60µm area scans and step-size of 1µm (3600 spectra/pixels) with an integration 

time of 0.05 sec per pixel, for an acquisition time of 3 min per cell (or micro-calibration 

standard). Alveolar macrophage cell datasets and corresponding calibration datasets 

were acquired via 25x25µm area scans with a step-size of 1µm (625 spectra/pixels) with 

an integration time of 0.1 sec per pixel, for an acquisition time of 1 min per cell (or micro-

calibration standard). By continuously acquiring Raman signal data in a raster pattern 

across the scan area at the optimal focal plane, hyperspectral Raman datasets were 

generated which were presumably representative of the entirety of each sample that was 
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analyzed. 40 fibroblast cells from each group (WT and NPC) and 35 macrophages from 

each group (control and drug-treated) were analyzed herein; each cell was scanned once. 

 

4.4.7 Spectral Preprocessing and Hyperspectral Image Processing 

 All acquired Raman spectra underwent equivalent preprocessing procedures; 

cosmic ray removal (filter size: 4; dynamic factor: 4.6) is performed on a per-pixel basis 

in WITec Project FOUR software before data is exported to Matlab® (Mathworks, Inc., 

Natick, MA) where remainder of preprocessing is executed via an algorithm developed 

in-house. Spectral background subtraction was performed by regression fitting of baseline 

estimation throughout multiple shifted windows across the integrated spectrum via spline 

approximation. Throughout this work, two different types of pseudo-colored images were 

generated from Raman area scan datasets: “single-band” images and “multi-band” 

images. Single-band images were generated by selecting a single Raman band (the 

Raman intensity at a single wavenumber), specifically 2930cm-1, and converting the 

intensity (CCD counts) at each pixel across the image into a color. Multi-band images 

were generated by separately calculating the “lipid signal” (sum of spectral intensities 

from 2800-2900cm-1, assigned to green channel; pixel intensity range displayed from 0-

500 CCD counts) and the “protein signal” (sum of spectral intensities from 2905-2935cm-

1, assigned to red channel; pixel intensity range displayed from 0-500 CCD counts), and 

then overlaying the two images. To calculate the “integrated Raman intensity” for each 

area scan (of a single cell or micro-calibration standard), all pixel spectra are added 

together to generate a single “integrated” spectrum which is representative of the 

composition and total amount of material present within the given area scan. The spectral 

region of interest (2700-3200cm-1) was excised from the integrated spectrum and 

interpreted via statistical models discussed in the following sections. 
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4.4.8 Statistical Model for Ultraquantitative Spectral Deconvolution 

 To generate reference spectra, biomolecular components of interest were 

dissolved in appropriate solvent at ~1mg/mL (DI water for protein and nucleic acid; 

methanol for lipids and cholesterol) and spotted onto the surface of silicon chips; the 

solvent evaporated at room temperature, depositing all non-volatile solutes across the 

surface of silicon chips. Reference spectra were acquired via continuous large area scans 

of each dried dispersion and the average spectrum across each scan was extracted, 

thereby generating “molecular fingerprints” for each biochemical component of interest. 

Using Raman datasets acquired from protein and HDL calibration microarrays, the pure 

component reference spectra were scaled accordingly to directly relate the total mass of 

each component present within an analyzed microarray dot to the integrated Raman 

signal acquired from across that region (i.e., CCD counts / picogram). Measured Raman 

spectra were deconvoluted via linear combination modelling (aka: non-negative least 

squares regression modelling) with the ultraquantitative reference spectra as per the 

following equation: 

$%& = 	)*+%&* +	)-+%&- +	)6+%&6 +	)C+%&C +	.%&  

Where: 

$%& = integrated sample spectrum (CCD counts) 

+%&0 = “n” reference spectrum (CCD counts / picogram) 

)0 = “n” measurement (picograms) 

.%& = residual spectrum (CCD counts) 

/& = relative wavenumber or Raman shift (cm-1) 

= = biomolecular component (e.g., protein, lipid, etc.) 

 

The linear combination spectral model accuracy of fit was assessed by calculating 

coefficient of determination (R2) for each micro-calibration standard spectrum fit 

according to the following equation: 



 

 110 

DE?>F;:G	HIJ?G	K<F	(7-) = 1 −	9
/:;<:=>?(.%&)

/:;<:=>?($%&)
B	 

We refer to this approach as “ultraquantitative” spectral deconvolution; it 

conveniently yields regression estimate coefficients with units of picograms because it 

harmonizes effectively with the fundamental theory of linear spectroscopy. 

 

4.4.9 Additional Statistical Models for Interpretation of Cytometric Data 

 Principal component analysis (PCA) was also performed on integrated Raman 

spectra; standard normal variate scaling was performed on each integrated spectrum 

prior to PCA execution in Matlab®. Logistic regression analysis of ultraquantitative results 

(picogram measurements) from cell datasets and K-means cluster analysis of PCA 

results (PC scores) were both performed in R Studio using scripts written in-house; 

logistic regression model was performed as per the following equations (for fibroblast and 

macrophage datasets respectively): 

LIEMG:F<I=	~	L;IF?<= + O<E<J + PℎIG?RF?;IG + P:;SIℎTJ;:F?	&	)M>G?<>	V><J 

and 

LIEMG:F<I=	~	L;IF?<= + O<E<J + P:;SIℎTJ;:F?	&	)M>G?<>	V><J 

 

4.4.10 Instrument Calibration Check Procedure and Error Analysis 

 A novel Raman instrument calibration and daily check was developed to assess 

instrument performance and drift and quantitatively correct for any errors that may be 

inadvertently introduced as a result of extraneous factors. Conveniently, the silicon chip 

substrates served as calibration standards for detector alignment (using major silicon 

peak at 521cm-1). The optimal focal plane can be located (z-plane of greatest Raman 

signal at a given laser intensity) and by varying the intensity of excitation laser across a 
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range of 0-55mW, acquiring Raman spectra at given intervals, enabled generation of 

instrument performance curves which were indicative of the instrument’s performance.  

 

4.4.11 Sample Preparation of Primary Human Skin Fibroblasts 

 Primary human fibroblast cell lines were obtained from the NIGMS Human Cell 

Repository at the Coriell Institute for Medical Research. A control (WT) cell line GM08399 

and NPC cell line with mutations in the NPC1 gene GM18453 (I1061T/I1061T) were 

cultured in DMEM, 1% penicillin/streptomycin, and 10% FBS. Cells were suspended in 

culture medium containing 10% FBS at a concentration of 10,000 cells/mL. 5x5mm silicon 

chips were pre-sterilized and transferred to wells of 24-well plate before addition of 1 mL 

of each cell suspension to separate wells. The plates were incubated overnight (37oC, 

5% CO2) to allow cells to adhere to surface of substrate. Following incubation, culture 

medium was removed by vacuum and silicon chips were rinsed via brief submersion in 

isotonic saline (0.9% NaCl wt/wt) then deionized water to remove excess salt; residual 

water was wicked away immediately with a KimWipe to prevent cell lysis. This 

methodology prepared cell samples as thin dry dispersions of non-volatile biomolecular 

components deposited onto the surface of silicon chip substrates. 

 

4.4.12 Isolation, Incubation, and Preparation of Porcine Alveolar Macrophages 

 Porcine alveolar macrophages were isolated via bronchoalveolar lavage with 

40mL instillation of isotonic saline (0.9% NaCl wt/wt) into the lung of a fully-anesthetized 

male pig (Michigan State Swine Research; Sus scrofa domesticus; Yorkshire/Yorkshire 

mix; ~13-15 weeks old) according to IACUC-approved protocol (PRO00008551). The 

acquired cell suspension was diluted to 500,000 cells/mL in RPMI medium 1640, 5% FBS, 

and 1% penicillin/streptomycin. 15µL aliquots were seeded onto 5x5mm silicon chip 

substrates in a 24-well plate, allowed to adhere to substrate surface (60 minutes, 37oC, 

5% CO2), before wells were filled to 750µL with blank control medium or treatment 
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medium containing 8µM amiodarone, a widely used antiarrhythmic known to accumulate 

in alveolar macrophages and induce intracellular accumulation of phospholipids. 

Treatment populations were incubated for 3 days (37oC, 5% CO2), replacing medium 

every 24 hours, to allow cells to sequester drug and induce intracellular accumulation of 

phospholipids. Following incubation, culture medium was removed by vacuum and silicon 

chips were rinsed via brief submersion in isotonic saline (0.9% NaCl wt/wt) then deionized 

water to remove excess salt; residual water was wicked away immediately with a 

KimWipe to prevent cell lysis. This methodology prepared cell samples as thin dry 

dispersions of non-volatile biomolecular components deposited onto the surface of silicon 

chip substrates. 

 

4.5 Results and Discussion 

4.5.1 Engineering Solutions to Biophysical Barriers of Cell-Sized Biomolecular 
Calibration Standard Fabrication 

 The first step was engineering and fabrication of cell-sized calibration standards. 

Microarrays have previously been generated with DNA, RNA, protein, and 

pharmacological agents for use in biosensors, immunoassays, and high throughput 

screening procedures for identification of drug candidates.(25-28) Using a piezoelectric 

inkjet materials printer to deposit 10pL ink droplets in microarrays across the surface of 

silicon chips, we successfully fabricated cell-sized micro-calibration standards of known 

composition; printer inks were formulated as aqueous solutions of analytes at biologically-

relevant concentrations (Figure 4-1a). As residual water evaporated from the droplets, a 

known mass of dry material was deposited onto surface of the chip (Figure 4-1b). Ink 

solutions were formulated with analytes of interest in concentrations ranging from 0-

100mg/mL (equivalent to 0-100pg/pL), yielding micro-calibration standards across an 

absolute mass range of 0-1000pg when using a deposited ink volume of 10pL. The 

fabrication of water-soluble analyte microarrays, namely protein, was achieved with ink 

concentrations of albumin up to 100mg/mL. Synthetic high-density lipoprotein (HDL) 
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nanodiscs were utilized to overcome the barrier of low lipid solubility in aqueous solution 

and to achieve proper fluid properties.(29-31) HDL nanodiscs were synthesized as 

stoichiometric mixtures of phospholipid (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 

DPPC) and biomimetic peptide 22A (2:1 mass ratio) via thermocycling method to achieve 

up to 90mg/mL HDL in water.(32) Characterization of HDLs revealed an average particle 

diameter of 10nm (Figure S-9).(33-35) We demonstrated the ability to print micro-

calibration standards across a total lipid range of 0-600pg; at 90mg/mL HDL, a 10pL ink 

droplet contained 600pg of lipid and 300pg of peptide for a total mass of 900pg. HDLs 

allowed for incorporation of known amounts of lipophilic analytes (i.e., cholesterol) and 

proved miscible with albumin in lipid-to-protein ratios expected to occur in living cells, 

enabling fabrication of biologically-relevant micro-calibration standards of mixed 

composition.(36) 

 

4.5.2 Comparative Analysis of Cell-Sized Calibration Standards and Actual 
Eukaryotic Cells 

Cell samples of interest were prepared, according to a method previously 

developed by our group, on silicon chips as thin dry dispersions to mimic the state of the 

micro-calibration standards and analyzed by atomic force microscopy (AFM) and Raman 

microscopy, exploiting the non-destructive nature of both techniques (Figure 4-1c, d).(16) 

Reflected brightfield imaging revealed similar appearance for micro-calibration standards 

and cell samples of interest (Figure 4-2a-c). AFM analysis enabled comparison of 

topographical morphology between micro-calibration standards and cell samples (Figure 

4-2d-f, S-10 – S-12). Micro-calibration standards were found to have diameters and height 

ranges of the same order as cells and yielded comparable Raman signals (Figure S-13). 

All maximum sample heights, actual cells and micro-calibration standards, were in the 

submicron range and found to be shorter than the height of the Raman excitation laser’s 

confocal voxel (Figure 4-1e), suggesting the entirety of each sample may be analyzed in 

a single x-y plane area scan.(23, 37) Raman area scans revealed the density and 

distribution of molecular components throughout each analysis region, illustrating how 
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thicker sample regions with presumably greater amounts of material yield stronger 

Raman signals compared to thinner regions with less total material (Figure 4-2g-i, S-14 – 

S-23). Integrated Raman spectra were calculated from the total Raman signal across 

each analysis area, yielding a single spectrum for each sample that is representative of 

the total molecular content present within the area scan (Figure 4-2j); a greater integrated 

Raman intensity was acquired from 900pg of HDL than from 1000pg of protein, 

suggesting different analytes of interest emit different Raman signal strengths under the 

same excitation parameters. 

 

4.5.3 Instrument Performance and Error Analysis 

Although 633nm and 785nm lasers are generally used for Raman analysis of 

biological cells, in this study we utilized a 532nm excitation laser because the visible green 

light enabled facile characterization of the confocal voxel dimensions and yielded the 

strongest Raman signals from our samples, and thus allowed measuring the smallest 

amounts of material. During preliminary feasibility testing, we also fabricated microarrays 

on glass slides and prepared macrophages via cytocentrifugation on glass slides (Figure 

S-24). Alternative sample substrates (e.g., CaF2) could be compatible with inkjet-printed 

micro-calibration standards, to the extent that the samples yield strong Raman signals, 

and that the background Raman signals from the substratum can be subtracted. 

Instrument performance curves suggested instrument-introduced errors were present but 

negligible; further work is needed in advancement of Raman instruments to ensure 

measurement accuracy, which our calibration standards will help facilitate (Figure S-25). 

From preliminary experiments, we verified that the performance of each individual inkjet 

cartridge nozzle exhibits excellent drop-to-drop consistency, generating droplet rows 

which show minimal measurement variability, ~5%, while different nozzles within the 

same cartridge show a greater variation in drop size, leading to columns measuring 

somewhat greater variability, ~10-15% (Figure S-26). 
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4.5.4 Micro-Calibration Standards and the Linearity of Scattered Raman Signals 

 Micro-calibration standards were composed of proteins and lipids in ratios and total 

mass ranges consistent with theoretical estimates for typical eukaryotic cells, thereby 

demonstrating the feasibility of commercially-available piezoelectric inkjet printing 

technology for creation of cell-sized biomolecular micro-calibration standards; using 

constant experimental parameters, the integrated Raman signals were acquired from 

areas of interest for a multitude of micro-calibration standards from each group (Figure 4-

3a-g). Using linear combination modelling, pure component reference spectra were 

scaled to optimize fit of entire calibration standard dataset, thereby building a quantitative 

spectral library which directly related the acquired CCD counts to picograms for each 

component (Figure 4-3h). Linear combination spectral modelling yielded reliably accurate 

fits which were assessed by coefficient of determination (R2) for each micro-calibration 

standard spectrum fit; R2 values were greater than 0.975 for all samples with the 

exception of the 100pg protein micro-calibration standards (attributable to lower signal-

to-noise ratio of the integrated spectra acquired from lesser sample mass), verifying the 

accuracy of integrated sample spectral fit using pure component reference spectra 

(Figure 4-3i). Protein, lipid, and protein-to-lipid ratio measurements for all micro-

calibration standards showed strong correlation with the expected values, revealing the 

linearity of integrated Raman signals in relation to the absolute mass of each material 

present within the scanned area of interest and suggesting supramolecular interactions 

between biological analytes do not interfere with the linearity of the scattered Raman 

signals (Figure 4-3j-l, 4-4, 4-5, and 4-6).(38) 

 

4.5.5 High-Content Phenotypic Analysis of Cell Populations 

 To show proof-of-concept for our methodology and establish validity for cytometric 

applications, human skin fibroblast populations - wild type (WT) and Niemann-Pick Type 

C (NPC) – and porcine alveolar macrophages – untreated and drug-treated groups - were 

prepared as dry dispersions on the surface of silicon chips, closely resembling the micro-
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calibration standards; a small number of cells from each population were analyzed (Figure 

4-7a). It is worth noting that this sample preparation technique may be applied to non-

adherent cell types through conventional cytocentrifugation to deposit and dry suspended 

cells onto silicon chip substrates; in this way alternative substrates could be utilized (i.e., 

CaF2, glass slides, etc.) for cell preparation, depending on substrate chosen for micro-

calibration standard printing or other experimental needs (Figure S-24). Raman images 

of single cells revealed the subcellular distribution of protein (red channel) and lipid (green 

channel), enabling clear distinction between nuclei and cytoplasm (Figure 4-7b). 

Furthermore, Raman imaging revealed lipid-rich inclusions (presumably lamellar bodies) 

in alveolar macrophages treated with 8µM amiodarone, a lipophilic weakly basic drug that 

induces phospholipidosis, an adverse drug reaction characterized by a lipid-laden 

macrophage phenotype (Figure 4-7c and 4-8).(5, 6, 39, 40) Stoichiometric mixtures of 

protein and DNA were used to estimate relative Raman signal strength of carbohydrates 

and nucleic acids (Figure S-27); in future validation work, additional biomolecular 

components (e.g., DNA, RNA, polysaccharides, cytochrome c, etc.) will be incorporated 

into the mixed composition micro-calibration standards. Using our quantitatively-

calibrated reference spectra library to perform linear combination modelling (Figure 4-7d), 

integrated cell spectra were deconvoluted, thereby yielding measurements for total 

picograms of each biomolecular component present within each cell analyzed. The high 

variability of our cytometric composition measurements highlights the necessity of single-

cell analyses, because cell population diversity and cell subpopulations are currently 

believed to play crucial roles in different disease states and have significant 

pathophysiological consequences. Although different cell types are expected to have 

different total mass contents, our reported picogram measurements are on the same 

order of magnitude as other reports of single-cell measurements in the literature.(41) 

On average, there was a significant increase in total lipid content observed in the 

NPC cells relative to the WT group; 261.4±112pg compared to 195.6±140pg (mean±SD; 

p-value<0.05; t-test). The WT cell population exhibited a strong lipid-protein correlation 

(Pearson’s coefficient, 0.782); NPC cells exhibited moderate correlation (Pearson’s 
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coefficient, 0.542), which was indicative of greater compositional heterogeneity on the 

single-cell basis (qualitatively verified by Raman images) and an uncoupling of the typical 

lipid-to-protein ratio. This presumably resulted from the compromised cholesterol 

transport and metabolism at the cellular level that is the hallmark of NPC disease (Figure 

4-7e). Although cellular cholesterol measurements were not statistically-significant 

between WT and NPC, with respective values of 9.5±7.4 and 11.5±8.0 (mean ± SD; p-

value>0.05; t-test), measurements were near our experimentally-determined limit of 

cholesterol quantitation (10pg in a 1000pg cell; or 1% wt/wt) and consistent with 

conventional methods of analysis, involving homogenization of cell populations and 

subsequent bulk measurements (normalizing the measured cholesterol content to the 

protein content of the entire population), yielding values in range of 5-20pg/cell.(4) For 

untreated and drug-treated macrophage populations, average lipid contents were 

22.4±13.0pg/cell and 32.5±16.2pg/cell respectively, suggesting significant cellular lipid 

accumulation in response to amiodarone exposure (mean ± SD; p-value<0.05; t-test); 

these values are consistent with literature reports for amiodarone-induced 

phospholipidosis.(5) Lipid and protein were strongly correlated in untreated and drug-

treated alveolar macrophages, with respective correlation coefficients of 0.880 and 0.908 

(Figure 4-7g). Exposure to amiodarone induced a 1.5-fold increase in lipid-to-protein ratio 

per cell, evidenced by the increased slope of the drug-treated group’s trend line. Logistic 

regression analysis revealed significant increases in lipid content and significant 

decreases in carbohydrate and nucleic acid content for the drug-treated cells compared 

to the untreated control cells (Figure S-28, Table S-5) but was unable to show significance 

for lipid increases in NPC group compared to WT with p-value=0.066 (Figure S-29, Table 

S-6). Principal component analysis (PCA) was performed on the same spectral datasets 

in parallel with ultraquantitation (Figure 4-7f, h); the first principal components (accounting 

for 57.6% of spectral variance in fibroblasts and 63.3% in macrophages) exhibited major 

peaks at 2850cm-1 and 2884cm-1 (the characteristic Raman bands for C-H vibrations of 

lipids) and, as verified by our ultraquantitative results, were attributed to differences in 

cellular lipid content. K-means clustering of PCA results (Figure S-30) could not 

differentiate WT and NPC fibroblasts, but discrimination of untreated and drug-treated 
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alveolar macrophages yielded significant accuracy of 0.9143, sensitivity of 0.9714, and 

specificity of 0.8571 (p-value<0.05). 

Using the stoichiometric drug:lipid mixtures (Figure 4-9A) described previously in 

Chapters 2 and 3 of this thesis, calibration mixtures of amiodarone were generated and 

Raman spectra were acquired from each (Figure 4-9B). Based on the known relative 

mass (% wt/wt) of drug, the ultraquantitative reference spectra for amiodarone (CCD 

counts/picogram) could be estimated by scaling the drug’s reference spectra accordingly 

with the lipid reference acquired from the micro-calibration standards (Figure 4-9C). To 

show temporal drug-induced changes throughout cell populations, aliquots of alveolar 

macrophages from a single untreated pig, were incubated in vitro with 8µM amiodarone 

for 0 to 5 days. Following treatment, 25 cells from each population were analyzed and the 

average integrated spectra were reported for each population, showing a clear temporal 

increase in lipid signals accompanied by a weaker amiodarone signal, as revealed by the 

difference spectra (Figure 4-10). Amiodarone drug content estimates were reported in 

picograms, suggesting a steady temporal increase in amiodarone drug content from 5.3 

±3.3 to to 13.5±7.4 between days 1 and 5 in vitro; these values represent estimates and 

should be taken with a grain of salt; they were reported herein merely to show illustrate 

the feasibility and approach of ultraquantitative Raman spectral cytometry in the context 

of drug bioaccumulation. 

 

4.6 Conclusion 

 In conclusion, ultraquantitative single-cell Raman analysis enables more in-depth 

phenotypic characterization of cell populations than ever before possible with foreseeable 

application in basic research for the study of cellular accumulation phenomena, such as 

lysosomal storage disorders. The application of our mimic cell microarrays for quantitative 

calibration of single-cell measurements is not limited to Raman microscopy, as 

demonstrated herein; this technology could prove useful for quantitation in other single-

cell techniques such as laser desorption and/or ionization mass spectrometry. The 
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findings from this study represent a significant advancement in the cytometry field and 

opens the doors of quantitative scientific perception to the entirety of the intracellular 

biomolecular matrix without artificial chemical tags, providing an approach by which 

scientists and clinicians may holistically explore the unadulterated biochemical realm 

within single cells: the building blocks of life. 
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4.9 Figures 
 

 
 

Figure 4-1. Schematic illustrating the synthesis, inkjet printing, and analysis of 
micro-calibration standards for quantitative measurements in actual biological 
cells. 

(a) Procedure for HDL synthesis and biomolecular ink formulations. (b) Piezoelectric jetting waveform for 
controlled-deposition of 10pL ink droplets onto silicon substrate. Reflected brightfield images of 5x5mm 
silicon chips (scale bars: 1000µm) and sample areas of interest with corresponding Raman area scan (white 
box; scale bars: 10µm) data for (c) fabricated micro-calibration standards and (d) fibroblasts. Raman 
images reconstructed from C-H vibration intensity at 2930cm-1. (e) Vertical cross-section of confocal voxel; 
reflected light image stack was used to reconstruct in 3D. Scale bars: 3µm (left) and 1µm (right). 
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Figure 4-2. AFM and Raman images of calibration standards and a single cell. 

Reflected light images of 1000pg protein (a), 900pg HDL (b), and fibroblast (c) samples; scale bars: 20µm. 
Respective AFM surface profiles (d-f); scale bars: 20µm. Respective single-band Raman images 
reconstructed from C-H vibrations at 2930cm-1 (g-i) and calculated integrated Raman spectra for each 
overlaid on same y-axis (j); scale bars: 10µm. 
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Figure 4-3. Verifying linearity of micro-calibration standard Raman signals. 

Reflected brightfield images, analysis areas and corresponding integrated spectra for (a-b) protein, (c-d) 
HDL, and (e-g) mixed composition micro-calibration standards; scale bars: 20µm. (h) Reference spectra 
library for linear combination modelling. (i) Accuracy of spectral fits. Linear regression of measured 
component content in relation to expected amount for protein (j), lipid (k), and lipid-to-protein ratio (l); 
shaded regions: 95% confidence interval. 
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Figure 4-4. Raman images revealing biomolecular distribution in micro-calibration 
standards. 

Multi-band Raman images of (a,b) protein, (c,d) HDL, and (e,f) mixed composition micro-calibration 
standards generated from Raman calibration datasets used for fibroblast quantitation. Scale bar: 20µm. 
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Figure 4-5. Quartered micro-calibration standard Raman area scans. 

(a-c) protein micro-calibration standard brightfield images (scale bar:20µm), multi-band Raman images 
generated from 25x25µm area scans, and integrated Raman spectra. (d-f) HDL micro-calibration standard 
brightfield images (scale bar:20µm), multi-band Raman images generated from 25x25µm area scans, and 
integrated Raman spectra. (g-i) mixed composition micro-calibration standard brightfield images (scale 
bar:20µm), multi-band Raman images generated from 25x25µm area scans, and integrated Raman 
spectra. (j) Ultraquantitative pure component reference spectra used for linear combination modelling of 
alveolar macrophage dataset. 
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Figure 4-6. Quartered calibration micro-calibration standard measurements for 
quantitative calibration of alveolar macrophage datasets. 

Linear regression of measured component content in relation to expected amount for protein (a), lipid (b), 
and lipid-to-protein ratio (c) including measured values from entire calibration dataset; shaded regions 
represent 95% confidence interval for measurement accuracy. 
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Figure 4-7. Ultraquantitative cytometric analysis of fibroblasts and macrophages. 

(a) Data acquisition and processing procedure; scale bars (from top-left to bottom-right): 1000µm, 100µm, 
and 10µm. Multi-band Raman images for (b) human skin fibroblasts (scale bar: 20µm) and (c) pig alveolar 
macrophages (scale bar: 10µm). (d) Reference spectra for linear combination modelling. (e) Single-cell 
compositional correlation plot and histograms showing fibroblast population distributions; each data point 
represents a single cell. WT in black, NPC in red. (f) First two PCA loading spectra and PCA score 
distribution plots (WT in black, NPC in red). (g) Single-cell compositional correlation plot and histograms 
showing alveolar macrophage population distributions; each data point represents a single cell. Untreated 
control group in black, drug-treated group in green. (h) First two PCA loading spectra and PCA score 
distribution plots (untreated in black, drug-treated in green). 
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Figure 4-8. Subcellular distribution analysis of drug-treated macrophages. 

(a) Multi-band Raman images of alveolar macrophage Raman datasets; each scan is 25x25µm. (b) 3x3µm 
average spectra extracted from lipid-rich inclusions of 10 most lipid-laden cells from each population; pure 
protein and lipid (DPPC) reference spectra overlay. (c) Average+/-SD (shown in shadow) of each group of 
extracted spectra. 
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Figure 4-9. Estimating the signal-to-mass ratio for amiodarone. 

(A) Chemical structures for amiodarone and dipalmitoylphosphatidylcholine (DPPC), the two components 
used to generate stoichiometric mixtures. (B) Raman analysis of calibration mixtures and (C) estimated 
ultraquantitative reference spectral library; protein and lipid signal-to-mass ratios (CCD counts/picogram) 
were calculated from micro-calibration standard dataset while others were estimated. 
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Figure 4-10. Measuring temporal accumulation of amiodarone in macrophages. 

(A) Pig alveolar macrophages were incubated in vitro for 0-5 days with 8µM amiodarone and the integrated 
Raman spectra were acquired for populations of cells from each group (n=25 cells per group). (B) 
Calculated difference spectra reveal temporal increase in Raman signals that match those of amiodarone 
and lipids. (C) Single-cell measurements for amiodarone accumulation (average ± SD).  
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CHAPTER 5 

Bioanalytical Spectropathology: Translational Feasibility of           
Ultraquantitative Micro-Raman Cytometry for In Vivo Disease Profiling 

 
5.1 Relevance to Thesis 

 As described in Chapter 1 of my thesis, the accumulation of amiodarone inside 

alveolar macrophages induces a “foamy” lipid-laden cell phenotype and may ultimately 

result in pulmonary toxicity; amiodarone-induced lung toxicity may manifest as chronic or 

acute lung injury and the role of the “foamy” lipid-laden macrophage is poorly understood. 

To address specific aim 3 of my thesis and facilitate the translation of micro-Raman 

spectroscopy to the clinical setting, I utilized the ultraquantitative methodology that was 

previously described in Chapter 4 of my thesis to perform phenotypic analysis of alveolar 

macrophage populations. The inkjet-printed micro-calibration standards were used for 

quantitative cytometric compositional phenotyping for in vivo contexts of chronic and 

acute lung injuries in animal subjects. More specifically, alveolar macrophage populations 

were acquired from mice and pigs and analyzed via ultraquantitative Raman spectral 

cytometry to measure changes in biomolecular component content on a single cell basis 

as a result of different lung injuries. 

 Although the role of “foamy” lipid-laden macrophages in lung disease pathogenesis 

is poorly understood, they are commonly found in the lung patients experiencing 

amiodarone-induced pulmonary toxicity and pulmonary fibrosis that could be idiopathic in 

nature. As such, the analytical methodology and data handling approaches presented 

herein represent an avenue by which clinicians and scientists may begin to quantitatively 

characterize the role of these cells and their cargo loading capacity. Although the studies 
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presented herein are currently of limited in relevance to clinicians, they represent a robust 

proof-of-concept for the clinical feasibility and translational aspects of micro-Raman 

spectroscopy for cytometric analyses in the real-world patient population. The data 

handling and interpretation approaches presented here could be easily translated to 

human BAL cell samples for non-specific screening analyses with the potential to detect 

and qualitatively identify unknown chemical components present within alveolar 

macrophages of real-world humans. This chapter shows that ultraquantitative Raman 

spectral cytometry can be reliably utilized in the clinical setting to yield quantitative 

cytometric information that could foreseeably be used to facilitate clinical decision making. 

 It is well known that alveolar macrophages are responsible for clearing out 

biological debris, inhaled particulates, pathogens, and other xenobiotics from the alveolar 

spaces of the lung. As the cells sequester foreign material, they grow in overall mass due 

to phagocytosed contents; as each cell matures, they ascend towards the upper 

respiratory tract via the mucociliary escalator before being expectorated or swallowed. As 

the alveolar macrophages are depleted, interstitial and peripheral precursor cells are 

recruited to alveolar space to maintain steady-state of cell population. Herein, this system 

was referred to as the macrophage-mucociliary clearance complex and was postulated 

to play a critical role in the maintenance of healthy pulmonary function and potentially 

serve as a biomarker for overall pulmonary health based on the degree of macrophage 

cargo loading. Since humans live for approximately 75 years in developed countries, the 

lung macrophage populations of certain patients may be carrying substantial cargo loads, 

which could foreseeably contribute to the progression of lung disease and decline of 

function, as observed in cases of idiopathic pulmonary fibrosis. Although the 

ultraquantitative cytometric Raman measurements made here represent a new 

perspective by which to assess cellular storage disorders in the context of pulmonary 

diseases, there remains a great deal of future validation work in order to confidently 

employ this technology for diagnostic purposes in the clinical setting. Regardless, this 

work establishes the validity of the technical analytical parameters and therefore serves 

to facilitate the translation of micro-Raman spectroscopy to the clinical setting.  
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5.2 Abstract 

Macrophage lipidosis contributes to atherosclerosis and liver fibrosis; we 

hypothesize that it also plays a role in lung fibrosis, including idiopathic pulmonary fibrosis 

(IPF) and potentially acute respiratory distress syndrome (ARDS); the roles of 

macrophage cargo loading in IPF pathogenesis and ARDS prognosis have yet to be 

elucidated. To improve cytometric phenotyping for bronchoalveolar lavage (BAL) cell 

populations with high interindividual variability, a Raman-based microanalytical platform 

was developed to characterize alveolar macrophages (AMs) on the basis of their chemical 

composition, specifically to measure the absolute amount (i.e., picograms) of protein, 

lipid, and other biomolecular components present within single cells, thereby enabling the 

quantitative study of the role of macrophage cargo loading in the context of lung injuries 

(e.g., “foamy” lipid-laden macrophages in IPF). Ultraquantitative micro-Raman cytometry 

revealed changes in the total protein, lipid, nucleic acid, and cholesterol content of 

individual alveolar macrophages acquired via BAL from untreated and fibrotic mice 

subjects; it also enabled quantitative compositional phenotyping of porcine alveolar 

macrophages from multiple animals – to understand interindividual variability – and 

temporal measurements of how a single animal’s BAL profile changes during ARDS. 

Furthermore, this Raman technique enabled detection of two different unknown chemical 

entities present inside BAL cells acquired from mice and pigs, suggesting feasibility for 

Raman-based identification of patient-specific causes of chronic and acute lung injuries 

(e.g., exposure to pollutants, toxins, or drugs). The long-term goal of this project is the 

translation of Raman cytoanalytical technologies to the clinical setting to be used to study 

lung injuries and diseases in human patients. 
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5.3 Introduction 

5.3.1 The Physiological Role of Alveolar Macrophages in the Lung 

 As the foundation of the innate immune system, resident macrophages are 

mediators of inflammatory signaling and serve as the frontline of phagocytic defense 

throughout most organs and tissues of the body. Alveolar macrophages reside on the 

epithelial surfaces of the alveoli, providing defense against inhaled pathogens and 

xenobiotic particles.(1, 2) Although the whole human lung is composed of over 40 types 

of cells (including epithelial, interstitial, connective tissue, vascular, hematopoietic, and 

lymphocytes), under normal conditions the main cell types present in the alveolar space 

– where gas exchange occurs between inhaled air and the blood – consist of type I 

pneumocytes, type II pneumocytes, and alveolar macrophages (AMs).(3) Within the 

alveoli, AMs sequester inhaled particulate matter while pulmonary blood flow through the 

lung also exposes them to systemically circulating drug compounds.(1, 4, 5) 

Conveniently, AMs are relatively easy to harvest from human or animal subjects via 

bronchoalveolar lavage (BAL), involving the instillation of saline into the lower respiratory 

tract; once recovered, the BAL fluid contains a cell suspension that is typically rich in AMs 

(>90% of cells by number).(6) AMs have historically been the most widely studied of all 

macrophage subpopulations of the lung due to relatively facile acquisition via BAL; many 

studies have demonstrated profound heterogeneity within the same and throughout 

different AM populations, specifically in terms of their biochemical, biophysical, 

morphological, and functional characteristics.  

It has been reported that AMs exhibit a wide range of sizes, even within a single 

population; these studies have been conducted via gradient centrifugation to fractionate 

the lavaged AMs into subpopulations based on overall size and density.(7-10) Numerous 

investigators have hypothesized that the differences in cell size can be attributed to the 

age of each specific cell, where the largest macrophages are presumably the oldest. This 

hypothesis implies that a population of AMs consists of a diverse mix of cells at multiple 

stages of maturation. AMs are commonly believed to differentiate from the interstitial 
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macrophages of the lung and/or from peripheral blood monocytes recruited into the alveoli 

space; local proliferation, or self-renewal, of AMs already within the alveoli space may 

also serve to maintain AM numbers within the alveolar spaces.(11-13) AMs must be 

regenerated within the alveolar spaces for the population to maintain a steady-state 

number because these immune cells, with their phagocytosed cargo, are continuously 

migrating up the respiratory tract via the mucociliary escalatory before they are either 

swallowed or expectorated; in this way, AMs serve as the major mediators of clearance 

of foreign particles and materials from the lung, an often overlooked physiological system 

which we herein refer to as the macrophage-mucociliary clearance complex. It is believed 

that as pathogenic, particulate, or xenobiotic burden on the lung increases, more AMs are 

recruited to alveolar spaces via chemotactic signaling to help clear the material and 

maintain a healthy clean environment within the alveoli of the lung.  

  

5.3.2 Chronic Lung Injuries and Idiopathic Pulmonary Fibrosis 

 Pulmonary fibrosis, or lung scarring, is defined as the formation of excess fibrous 

connective tissue within the distal airspaces of the lung, and when progressive, can cause 

respiratory failure and is commonly found to be a disease of aging.(14, 15) Fibrotic lung 

diseases have been reported to occur in response to drug bioaccumulation (as in the 

case of amiodarone, bleomycin, and methotrexate), inhaled dusts of silica or other hard 

metals, and bacteria.(16-19) Despite a widely-accepted appreciation for the pathological 

and inflammatory features of lung fibrosis, the disease often arises from idiopathic origins. 

The diagnosis of idiopathic pulmonary fibrosis (IPF) therefore presents a current 

challenge to the scientific and medical community.(20) Because of the chronic nature of 

IPF, median survival of patients is only 2 to 3 years but some patients may live much 

longer.(21) Furthermore, there is limited information regarding predictors of mortality for 

IPF patients. Computed tomography (CT) scans (more common) and surgical lung 

biopsies (less common) are utilized in the diagnosis of fibrotic diseases but these 

approaches are plagued by interobserver and interlobar variabilities in the interpretation 

of results.(22-25) For this reason, investigators have suggested that BAL provides 
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additional information that could aid in the accurate diagnosis of IPF.(26) Current 

evidence suggests that pathogenesis of IPF is driven by abnormal activation of the 

alveolar epithelial cells releasing mediators which ultimately result in the secretion of 

excessive amounts of extracellular matrix, namely collagens, that are responsible for 

progressive destruction of healthy lung architecture and decline of lung function.(15) In 

addition to abnormally-functioning alveolar epithelial cells, “foamy” lipid-laden 

macrophages are believed to play a causal role in disease pathogenesis because they 

are present in the lungs of fibrotic patients.(27) In line with our previous hypothesis 

regarding macrophage cargo loading and aberrant inflammatory responses in the lung, 

we herein quantitatively explore the in vivo lipid cargo-carrying capacity of alveolar 

macrophages in the context of oxidized phospholipid-induced pulmonary fibrosis in mice 

using ultraquantitative Raman cytometry. This experimental model will serve to show 

proof-of-concept for Raman cytometric analyses in the context of chronic lung injuries, 

ultimately facilitating translation of the technology to the clinical setting. 

 

5.3.3 Acute Respiratory Distress Syndrome 

 Acute respiratory distress syndrome (ARDS) is a rapidly-progressing life-

threatening condition that occurs in critically ill patients (e.g., ~40% of cases are sepsis-

related). ARDS is characterized by diffuse lung inflammation, pulmonary edema from 

leaky capillaries, and hypoxemia and occurs on a time-scale of days to weeks.(28) 

Furthermore, there are multiple disorders that predispose patients to increased risk such 

as chronic alcohol use, chronic lung disease, low serum pH, and amiodarone 

exposure.(29-33) In ARDS the microvascular endothelium and the alveolar epithelium are 

injured, resulting in increased vascular permeability and flooding of alveolar space with 

edema fluid. In addition to fluid and blood infiltrate into alveolar spaces, the course of 

ARDS often results in the accumulation of neutrophils in alveoli, leading some 

investigators to believe ARDS is a neutrophil-dependent inflammatory injury.(34, 35) 

Acting as sentinels of the immune system, neutrophils are rapidly recruited to sites of 

injury (i.e., the alveoli of lung in ARDS) where they phagocytose pathogens or utilize their 
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so-called neutrophil extracellular traps (NETs), formed via expulsion of the cell’s DNA 

decorated with granule proteins, to incapacitate pathogens.(36, 37) Excessive formation 

of NETs has been implicated in inflammatory disorders such as sepsis and 

atherosclerosis(38) and NETs that are not removed from tissues may cause inflammatory 

immune responses. Clearance of neutrophils, NETs, damaged alveolar epithelial cells, 

and extracellular matrix breakdown products plays a role in the progression of 

inflammation and survival during ARDS and other acute lung injuries.(39) As discussed 

previously, alveolar macrophages are responsible for clearing debris from the air spaces, 

dampening inflammation, and facilitating tissue repair(40) and as such, the cargo-carrying 

capacity of these cells could feasibly play an important role in pathogenesis and outcome 

of acute lung injuries such as ARDS. The pathologic hallmark of ARDS is diffuse alveolar 

damage but can only be detected via surgical biopsy of the lung(41) so a quantitative 

phenotypic analysis of alveolar macrophages could foreseeably serve to further elucidate 

the physiological role these immune cells play in ARDS pathogenesis. Because of their 

phylogenetic distance and biological divergence from humans, rodents serve as poor test 

subjects for in vivo experimental models of ARDS; to address this, a large animal multi-

insult injury model – in pigs – was used to more closely recapitulate the pathophysiology 

of ARDS in humans. 

 

5.3.4 Bioanalytical Raman Spectropathology for the Study of Macrophages 

   Whether the injury is chronic or acute, the role of alveolar macrophages – 

specifically regarding their cargo carrying capacity and its implications with inflammation 

– in the pathogenesis of lung diseases such as IPF and ARDS has yet to be fully 

elucidated. As previously discussed, AM populations are inherently heterogeneous 

because of cell turnover (continuous mucociliary clearance, peripheral monocyte 

recruitment, and macrophage maturation in alveoli) that is necessary to clear the lung of 

foreign particles and pathogenic material. With rising awareness of the significance of cell 

population diversity and the pathophysiological consequences of cell subpopulations that 

play crucial roles in different disease states, there exists a niche for a microanalytical 
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methodology that enables quantitative characterization of the AM-mediated clearance 

pathway at the single-cell level. Improved phenotypic characterization of AM populations 

(on the single-cell basis) will provide insight into the role these cells play in lung injuries 

and pathologic conditions. As such, we herein propose the use of ultraquantitative 

confocal micro-Raman spectroscopy for the quantitative measurement of alveolar 

macrophage cargo loading in the contexts of two experimental animal models: oxidized 

phospholipid-induced pulmonary fibrosis in mice and multi-insult ARDS in pigs. The 

Raman-based cytometric approach provides compositional profiles on a single-cell basis, 

thereby enabling the quantitative study of lung injury pathogeneses in a way which has 

not previously been possible. Micro-Raman spectroscopy involves an excitation laser that 

scans a cell of interest, inducing molecular vibrations that emit a multitude of scattered 

lights from the sample which can be quantitatively interpreted to determine the 

composition of the sample; the analysis is inherently non-specific (all material – 

endogenous or foreign – yields a signal without molecular tags). Because of its non-

specific nature, Raman analysis also opens the doors of scientific perception to the 

presence of unknown molecular entities that may only be present within specific 

subpopulations of cells and have thereby previously gone undetected. Since airway and 

alveolar macrophages are readily accessible in humans, we believe this cell population 

and our proposed methodology could provide a unique opportunity for the direct study of 

AM populations in patients, thereby enabling personalized therapies in the clinical setting. 

Furthermore, the study of human AMs would provide direct insight into the cargo that 

accumulates over an individual’s lifespan and enable the study of environmental and 

lifestyle factors in the context of lung health and diseases such as IPF and ARDS. 

 

5.4 Materials and Methods 

5.4.1 Materials 

 Silicon chips (5x5mm; Ted Pella, Inc., Redding, CA) served as substrates for all 

Raman measurements performed herein. The following reagents were used to generate 
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the reference spectra library: bovine albumin (MP Biomedicals; Solon, OH), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Avanti Polar Lipids, Inc., Alabaster, AL), 

1,2-dioleoyl-sn¬-glycero-3-phsophocholine (DOPC; Avanti Polar Lipids, Inc., Alabaster, 

AL), DNA (from salmon sperm; AmResco Inc., Solon, OH), and cholesterol (ovine; Avanti 

Polar Lipid, Inc., Alabaster, AL). Polysorbate 20 (Bio-Rad Laboratories, Inc., Hercules, 

CA) was utilized as surfactant in diluent for albumin ink formulations. The following 

reagents were used to formulate HDL nanoparticle suspensions: 22A 

(PVLDLFRELLNELLEALKQKLK) was synthesized by Genscript (Piscataway, NJ), using 

solid-phase Fmoc (9-fluorenylmethyl carbamate) chemistry and purified with reverse 

phase chromatography (>95 % pure). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) was purchased from NOF America Corporation and cholesterol was obtained 

from Sigma-Aldrich (St. Louis, MO). Inkjet-printed micro-calibration standards of known 

mass and composition (as previously described in Thesis Chapter 4) were used to 

generate quantitatively-calibrated reference spectra to be used for linear combination 

modelling. 

 

5.4.2 In Vivo Pulmonary Fibrosis Mouse Model 

 Mice (4-week-old, male C57BL/6) were purchased from the Jackson Laboratory 

(Bar Harbor, ME) and acclimatized for 1 week in a specific-pathogen-free animal facility. 

Mice were subjected to oropharyngeally-delivered oxidized phosphocholine (10µg/g) to 

induce pulmonary fibrosis. At 1, 4, and 14 days following injury, mice were euthanized via 

CO2 asphyxiation and exsanguination, and alveolar macrophages were obtained by 

bronchoalveolar lavage from control and treatment groups (three mice per group at each 

timepoint); Raman spectra were acquired from individual cells (n=150; 50 cells per 

animal) throughout each population. Animal care was provided by the University of 

Michigan’s Unit for Laboratory Animal Medicine (ULAM), and the experimental protocol 

was approved by the Committee on Use and Care of Animals. All animal experiments 

were done according to the protocol guidelines. 
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5.4.3 In Vivo Acute Respiratory Distress Syndrome Pig Model 

 This study utilized male Yorkshire mix swine that (approximately 35-50kg in 

weight) were acquired from an approved vendor via the University of Michigan Unit for 

Laboratory Animal Medicine. All experiments were conducted in the Pre-Clinical 

Operative and Intensive Care Unit facility at the Michigan Center for Integrative Research 

in Critical Care (MCIRCC) by an experienced investigative team. At baseline, all animals 

were healthy, and free of disease and antibiotic exposure. Animals were sedated, 

mechanically ventilated (tidal volume: 15ml/kg; FiO2: 100%) and monitored by an 

experienced team using established and approved protocols. Animals were monitored 

continuously using a pulmonary artery catheter, and numerous noninvasive monitors 

(e.g., electrocardiogram, pulse oximetry, end-tidal capnography, SvO2, cardiac output, 

etc.), serial arterial blood gases, venous blood chemistry measurements and chest x-

rays. Once animals are fully instrumented and hemodynamically stable, a bronchoscopy 

was performed using disposable bronchoscopes (Ambu aScope) to preclude procedural 

contamination from animal to animal, collecting baseline bronchoalveolar lavage (BAL) 

fluid and alveolar macrophages. Following baseline measurements, animals received an 

injection of an E. coli inoculum (strain CFT073; 4 x 1011 CFU) into the kidney parenchyma 

under direct visualization. In advance of experiments, a collection of gastric juice from 

healthy control animals under other approved protocols was pooled and centrifuged. The 

supernatant was decanted and the gastric juice particles were resuspended in saline 

titrated to pH ~ 1 with HCl. Following the administration of the E. coli inoculum, the gastric 

solution was instilled evenly and diffusely to both lungs bronchoscopically. Intravenous 

crystalloid fluids were given (maximum 10ml/kg/h) but no additional resuscitation was 

administered. Each experiment was terminated based on pre-determined humane end 

points. 
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5.4.4  Bronchoalveolar Lavage Cell Preparation 

 Alveolar cells were procured via BAL with sterile isotonic saline (0.9% NaCl wt/wt). 

BAL cell suspensions were centrifuged and cell pellets were resuspended in RPMI 1640 

medium (Gibco Life Technologies, Carlsbad, CA) at ~300 cells/µL and 15µL of 

suspension was transferred to surface of sterilized silicon chips (5x5mm; Ted Pella, Inc., 

Redding, CA) within a 24-well plate (1 chip per well). Cells were incubated (37oC, 5% 

CO2) for 1 hour to allow for adherence of macrophages. Following brief incubation, silicon 

chips were removed from plate wells and rinsed via brief submersion in isotonic saline 

(0.9% NaCl wt/wt) then deionized water to remove salt. The residual water was wicked 

away immediately with a Kimwipe to prevent cell lysis. Samples were air-dried, depositing 

the non-volatile cellular components as dry dispersions on the surface of silicon chips. 

 

5.4.5 Cytological Staining of Porcine BAL Samples for Cell Differential Count 

 Following acquisition of BAL cells from porcine ARDS model, the cells were 

counted and diluted to a concentration of 0.5×106 cells/mL in RPMI 1640 medium (5% 

fetal bovine serum) before transferring 200µL of suspension to sample chamber cuvette 

(with prepared glass microscope slides mounted with paper pad) and centrifuging at 500 

rpm for 5 minutes in a Thermo Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific, 

Waltham, MA). Following centrifugation, the slide was removed and allowed to air-dry for 

10 minutes then dipped 7 times into fixative solution (fast green in methanol), 7 times into 

stain solution 1 (Eosin G in phosphate buffer), 7 times into stain solution 2 (thiazine dye 

in phosphate buffer), and 7 times each into two different water rinse solutions. The final 

preparation was then allowed to air-dry before microscopy images were taken and cell 

differentials were counted. 
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5.4.6 Raman Measurements 

All Raman measurements were recorded using a WITec alpha300 R Confocal 

Raman Imaging Microscope (Ulm, Germany) equipped with a 50X air objective lens 

(Zeiss EC EPIPLAN, N.A.=0.75) and 532nm solid-state excitation laser (0-55mW, tunable 

intensity range with attenuator dial) coupled to a CCD detector via a 100µm diameter 

multi-mode fiber-optic cable. Raman area scans were performed by first locating the 

optimal laser focal plane for sample excitation (yielding the greatest signal intensity from 

2800-3100cm-1 for biological materials) then continuously acquiring data across that area 

of interest by scanning in raster pattern, presumably exciting the entirety of the sample 

material present. The excitation laser intensity was kept constant between sample scans. 

Alveolar macrophage cell datasets and corresponding calibration standard datasets were 

acquired via 25x25µm area scans with a step-size of 1µm (625 spectra/pixels) with an 

integration time of 0.1 sec per pixel, for an acquisition time of 1 min per cell (or micro-

calibration standard). By continuously acquiring Raman signal data in a raster pattern 

across the scan area at the optimal focal plane, hyperspectral Raman datasets were 

generated which were presumably representative of the entirety of each sample that was 

analyzed. 

 

5.4.7 Statistical Analysis of Raman Datasets 

All acquired Raman spectra underwent equivalent preprocessing procedures; 

cosmic ray removal (filter size: 4; dynamic factor: 4.6) is performed on a per-pixel basis 

in WITec Project FOUR software before data is exported to Matlab® (Mathworks, Inc., 

Natick, MA) where remainder of preprocessing is executed via an algorithm developed 

in-house. Spectral background subtraction was performed by regression fitting of baseline 

estimation throughout multiple shifted windows across the integrated spectrum via spline 

approximation. To calculate the “integrated Raman intensity” for each area scan (of a 

single cell or micro-calibration standard), all pixel spectra are added together to generate 

a single “integrated” spectrum which is representative of the composition and total amount 
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of material present within the given area scan. The spectral region of interest (2700-

3200cm-1) was excised from the integrated spectrum and interpreted via statistical 

models. 

To generate reference spectra, biomolecular components of interest were 

dissolved in appropriate solvent at ~1mg/mL (DI water for protein and nucleic acid; 

methanol for lipids and cholesterol) and spotted onto the surface of silicon chips; the 

solvent evaporated at room temperature, depositing all non-volatile solutes across the 

surface of silicon chips. Reference spectra were acquired via continuous large area scans 

of each dried dispersion and the average spectrum across each scan was extracted, 

thereby generating “molecular fingerprints” for each biochemical component of interest. 

Using Raman datasets acquired from protein and HDL calibration microarrays, the pure 

component reference spectra were scaled accordingly to directly relate the total mass of 

each component present within an analyzed microarray calibration standard to the 

integrated Raman signal acquired from across that region (i.e., CCD counts / picogram). 

Measured Raman spectra were deconvoluted via linear combination modelling (aka: non-

negative least squares regression modelling) with the ultraquantitative reference spectra 

as per the following equation: 

$%& = 	)*+%&* +	)-+%&- +	)6+%&6 +	)C+%&C +	.%&  

Where: 

$%& = integrated sample spectrum (CCD counts) 

+%&0 = “n” reference spectrum (CCD counts / picogram) 

)0 = “n” measurement (picograms) 

.%& = residual spectrum (CCD counts) 

/& = relative wavenumber or Raman shift (cm-1) 

= = biomolecular component (e.g., protein, lipid, etc.) 
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The linear combination spectral model accuracy of fit was assessed by calculating 

coefficient of determination (R2) for each micro-calibration standard spectrum fit 

according to the following equation: 

DE?>F;:G	HIJ?G	K<F	(7-) = 1 −	9
/:;<:=>?(.%&)

/:;<:=>?($%&)
B	 

Principal component analysis (PCA) was also performed on integrated Raman 

spectra; standard normal variate scaling was performed on each integrated spectrum 

prior to PCA execution in Matlab®. Logistic regression analysis of ultraquantitative results 

(picogram measurements) from cell datasets was performed in R Studio using scripts 

written in-house. 

 

5.5 Results and Discussion 

5.5.1 Quantitative Calibration of Raman Spectral Deconvolution 

Quantitative calibration for Raman cytometry was achieved using inkjet-printed 

micro-calibration standards of known composition using the methodology described for 

alveolar macrophages in Chapter 4; the linear range was verified across 0-250 picograms 

of total material (within a given area scan), yielding an R2 of at least 0.9 for protein, lipid, 

and protein/lipid measurements. Raman signal-to-mass relationships were established 

for each biomolecular component of interest (i.e., protein, lipids, cholesterol, and nucleic 

acids/carbohydrates), yielding quantitatively-calibrated pure component reference 

spectra (units of CCD count per picogram material). For more in-depth discussion on 

quantitative calibration and methodology, see calibration dataset used for alveolar 

macrophage analysis in Chapter 4 of this thesis. 
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5.5.2 Cytometric Profiling of BAL Cells from Healthy and Fibrotic Mice 

 Ultraquantitative micro-Raman cytometry revealed the total protein, lipid, nucleic 

acid, carbohydrate, and cholesterol content of individual alveolar macrophages (AMs) 

acquired via BAL from the lungs of untreated mice subjects. It is worth noting that the BAL 

methodology utilized herein flushes the entirety of each subjects’ lungs, from the trachea 

and upper respiratory down, and all cells are mixed together before analysis. The “control” 

AMs acquired from untreated presumably healthy mice, measured 128±47pg protein/cell, 

27±16pg lipid/cell, 3±4pg nucleic acid & carbohydrate/cell, and 3±5pg cholesterol/cell 

(population average ± S.D.) and established the baseline cytometric profile of “health” for 

the purposes of this study (Figure 5-1, “Control” group). It should be noted that these 

values are consistent with average ratios of biomolecular components measured in typical 

eukaryotic cells.(42-44) Less than 3% of the cells were outliers containing elevated 

amounts of specific biomolecular components; most cells appeared to contain correlated 

amounts of protein and lipid (Pearson’s coefficient 0.356), while a minority subpopulation 

of cells deviated from the typical lipid-to-protein ratio, showing disproportionately elevated 

levels of lipid compared to protein (Figure 5-2, “Control” group). There were also protein-

rich outliers (measuring >300pg protein/cell) which exhibited proportionately normal lipid 

content. Carbohydrate & nucleic acid content showed no apparent correlation with total 

protein content throughout the control cells, perhaps due to a diverse range of 

transcriptional activity levels observed throughout single cells. Furthermore, lipid and 

cholesterol showed somewhat strong correlation (Pearson’s coefficient 0.45), suggesting 

there is a balance between the ratio of these two components in healthy macrophage 

populations.  

Consistent with reports of lipid-laden “foamy” macrophages observed in the lungs 

of fibrotic patients and of oxidized phospholipid-induced fibrosis in the experimental 

mouse model herein used, our Raman methodology quantitatively-identified “foamy” lipid-

laden macrophages (outlier cells in correlation plots) increased in number and total lipid 

content, as shown by protein-lipid correlation coefficients shifting from positive (0.356 for 

control mice) to increasingly negative (-0.158, -0.217, and -0.275 for 1, 4, and 14 days 
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post-injury groups).  It is interesting to note that the protein content only increased slightly 

following oxidized phospholipid-induced fibrotic lung injury. We also measured significant 

increases in nucleic acid and carbohydrate content 4 days following injury, with a partial 

recovery by 14 days post-injury. Furthermore, correlation between protein and 

carbohydrate/nucleic acid content increased significantly immediately following injury 

(Pearson’s coefficient -0.1 in control group, 0.49 after 1 day, 0.37 after 4 days, and 0.07 

after 14 days), presumably due to a temporal response in cell activation status following 

induction of fibrotic lung injury that eventually returned back to baseline after 14 days. In 

contrast to cellular nucleic acid and carbohydrate content, lipid and cholesterol cargo 

loading appears to accumulate and remain elevated 14 days after initial injury induction 

(Figure 5-1). Additionally, note the strong correlation observed between lipid and 

cholesterol observed in the post-injury AM populations; based on the data it appears as 

though elevated cholesterol content inside single-cells is typically associated with 

corresponding increases in lipid content, although in some cases – as observed in 4 days 

post-injury group – there may be individual cells carrying increased amounts of 

phospholipid cargo unaccompanied by a corresponding increase in cholesterol content. 

 Ultraquantitative cytometry results were corroborated by an alternative statistical 

approach, principal component analysis (PCA) which was run in parallel on the integrated 

Raman spectral dataset. PCA is an implicit statistical approach commonly utilized for 

Raman spectral analysis which generates a set of basis spectra, each accounting for a 

percent of the variance observed throughout the dataset; the first principal component 

accounts for the greatest variance and last accounts for mostly noise. When the major 

peaks of the PCA basis spectra (Figure 5-3A) correspond to wavenumbers (cm-1) of major 

peaks in molecular species of interest, the PCA score plots can be interpreted in a quasi-

meaningful way. For all mouse AM Raman data, the first principal component (“PC 1”) 

accounted for 44.4% of the variance throughout. In the positive space, the major peaks 

occurred at 1437cm-1, 2850cm-1, and 2884cm-1 which correspond with the major 

vibrational peaks of lipid molecules while the peaks in the negative space closely 

corresponded to those of proteins and nucleic acids. By corroborating this PCA data with 



 

 152 

ultraquantitation results, we can infer with statistical confidence that the major source of 

compositional variance throughout all cells analyzed was most likely due to changes in 

the ratio of lipid to protein and/or nucleic acids. The PC scatter plots reveal that a 

subpopulation of cells from all groups – presumably the lipid-laden outlier cells – reside 

in the positive realm of PC 1 which suggests disproportionately elevated lipid-to-protein 

content and corroborates ultraquantitative measurements of lipid-laden macrophages 

(Figure 5-3B). PC 3 was able to effectively discriminate the 4 days post-injury cells from 

the rest which could be attributed to differences in lipid but most likely primarily due to 

disproportionate increases in nucleic acid and carbohydrate content. 

Beyond the scope of the intended biomolecular measurements, an unknown 

chemical entity was detected in punctate cytoplasmic patterns throughout a 

subpopulation of single cells acquired from untreated mice; the unknown compound 

emitted relatively strong Raman signals at 1156cm-1 and 1559cm-1 which did not 

correspond to any characteristic Raman peaks from the major biomolecular components 

in typical eukaryotic cells (Figure 5-4). The relatively strong Raman shift at 1559cm-1 was 

indicative of vibrational modes of C=C conjugated double bonds so a multitude of feasible 

reference compounds were analyzed via micro-Raman in an attempt to match the 

spectral signals; cytochrome c, heme-containing blood cells, vitamin a, and leukotriene 

B4 were all analyzed under equivalent acquisition parameters but none matched the 

unknown signal observed in the subpopulation of cells (Figure 5-10).  

 

5.5.3 Cytometric Phenotyping of Pig BAL Cells Before and During ARDS 

 Ultraquantitative Raman spectral cytometric analysis of 5 different pigs’ 

physiological baseline BAL cell populations enabled quantitative compositional 

phenotyping of porcine alveolar macrophages; every animal was an independent 

experiment, and all were performed on different days (Figure 5-5). The BAL methodology 

utilized for the anaesthetized pig employs a bronchoscope that was manually directed 

into a specific lobe of interest in the lower airway of the lung. The pig AMs analyzed herein 
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were consistently from an anatomically-specific region of the porcine lung (in contrast to 

the mice AMs).  Consistent with literature reports, baseline BAL cell differentials were 

>90% alveolar macrophages as determined via cytological staining(45). Interindividual 

differences in compositional phenotypes of baseline AMs were observed between the five 

animals cytometrically profiled and the most pronounced difference was seen in pigs #2 

and #3 where the carbohydrate & nucleic acid contents were slightly elevated compared 

to other subjects at baseline. Additionally, the frequency of lipid-laden outlier cells in pig 

#2 was greater than all other animals at baseline (although pig #2 had less lipid-laden 

outlier cells compared to any of the fibrotic mice). BAL cell populations from pigs #1, #4, 

and #5 measure at most (within a single cell) 30pg of carbohydrate & nucleic acid whereas 

pigs #2 and #3 had at least 10% of cells measuring >40pg carbohydrate & nucleic acid. 

There are a multitude of feasible explanations for elevated nucleic acid & carbohydrate 

content in alveolar macrophages acquired from untreated pigs; one possible explanation 

is the presence of an intracellular microbial pathogen known as Mycoplasma 

hyopneumoniae. Known to be endemic throughout pig herds worldwide, this pathogen 

can be a significant economic burden for the pig farming industry because it is estimated 

to infect nearly ~10% of animals(46). Alternatively, increased carbohydrate & nucleic acid 

content could be explained by metabolic changes or increased transcriptional activation 

state due to other unknown causes. Compositional correlation plots reveal that increases 

in carbohydrate & nucleic acid content are correlated with increases in protein content 

within individual cells to a near-equivalent degree throughout each animal’s baseline AM 

population, regardless of the frequency of carbohydrate & nucleic acid-rich outlier cells 

(Figure 5-6). Carbohydrate & nucleic acid exhibited consistently weakly negative 

correlation with lipid content, suggesting cellular content of these two components are 

independently regulated. Furthermore, though not observed in all pigs’ AM populations, 

lipid and cholesterol content were strongly correlated. Although elevated cholesterol 

content typically corresponded to increased lipid content, increased lipid content was also 

detected independently without proportionate increase in cholesterol in a subpopulation 

of cells. 
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 As previously described for the mice AM analysis, the ultraquantitative results for 

the baseline pig spectral dataset were corroborated by PCA which generated a unique 

set of basis spectra to implicitly account for the spectral variance observed throughout 

the Raman dataset (Figure 5-7). Though biochemically-informed interpretation of PC1 

was initially difficult, many of the peaks corresponded with those of pure DNA, thereby 

indirectly verifying the ultraquantitative results. Additionally, outlier cells were accounted 

for by PC2 and PC3, as can be clearly seen in the PC3 vs. PC2 scatter plots. In the 

positive space, PC2 closely represents protein spectral signature, while the negative 

space of PC2 corresponds with lipid; PC3 corresponds with lipid in the positive space and 

carbohydrate & nucleic acid in the negative space. Although difficult to interpret with 

biomolecular-relevance, the heterogeneity detected by PCA serves to verify the 

ultraquantitative results; using ultraquantitation, phenotypically-diverse AM populations 

(as observed in pigs #2 and #3) were quantitively characterized while the results were 

simultaneously verified in an unbiased manner by PCA. Where PCA provides a qualitative 

measure of cell population heterogeneity, the major advantage of ultraquantitation lies in 

its ability to provide actual picogram measurements of the biomolecular changes 

occurring inside single cells and throughout each population. 

 To show proof-of-concept for temporal profiling of AMs during ARDS, we 

performed a sequential BAL at time=8hr following the multi-insult injury of anesthetized 

pig #2. Cytocentrifugation and staining of baseline and ARDS BAL cells revealed a 

significant shift in cell differential from primarily AMs (91%) to primarily neutrophils (94%) 

8hr after the injury; it should be noted that there was a significant increase in the 

concentration of BAL cells during ARDS (1.2•106 cells/mL at baseline vs 20.8•106 

cells/mL at 8hr) such that the total number of macrophages was actually relatively similar 

between lavages, suggesting there was a massive influx of neutrophils into the alveolar 

space by the 8hr timepoint (Figure 5-8, A & B). The BAL cell preparation for Raman 

analysis involves adherence of cells to silicon chip which tends to separate out some 

neutrophils, but further developments are necessary to confidently separate the two cell 

types in mixed-differential BAL suspensions; for the purposes of this analysis we exploited 
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the apparent size differences of neutrophils and AMs to manually select and analyze cells 

that appeared to be AMs. Integrated Raman spectra from 100 cells from each population 

(Figure 5-8C) were deconvoluted via linear combination modelling with pure component 

reference spectra (Figure 5-8D) to yield picogram measurements for each major 

biomolecular component of interest on the single-cell basis. Compositional correlation 

plots revealed significant increases in protein, carbohydrate & nucleic acid content in the 

ARDS population (Figure 5-8E). Despite increases in cellular protein content, the lipid-to-

protein ratio remained similar as evidenced by the unchanged correlation coefficient 

(Figure 5-8F). This observation could be explained by phagocytosis of neutrophils, NETs, 

other cellular debris, or perhaps an increased transcriptional activation state of the AMs 

during ARDS; further studies are necessary to confirm and test these hypotheses. PCA 

was used to corroborate ultraquantitative results; integrated Raman spectra from 100 

baseline cells and 100 ARDS cells yielded similar basis spectra as the interindividual 

analysis of multiple pig subjects at baseline (Figure 5-9A). Specifically, PC1 was nearly 

identical between the analyses. This was particularly interesting because ultraquantitative 

results attributed the major biomolecular differences to increased carbohydrate & nucleic 

acid content, which was observed in pig#2 baseline (compared to other pig subjects) as 

well as in pig #2 ARDS timepoint (where carbohydrates & nucleic acids increased to an 

even greater extent). Many cells overlap between groups (baseline vs ARDS) in the PC 

and compositional scatterplots, which was expected because they are heterogeneous 

populations (Figure 5-9B). Furthermore, an unknown signal contributor, emitting strong 

Raman signals at ~1467cm-1, was detected in punctate cytoplasmic patterns in ~10% of 

cells during ARDS (time=8hr post-injury); this unknown signal was unique from that 

observed in the untreated mouse AMs and we were unable to match it with reference 

spectra during preliminary experiments (Figure 5-10). Regardless, there were 

subpopulations of cells that could be clearly distinguished between these groups and 

thereby showing proof-of-concept for the application of Raman cytometric phenotyping in 

the context of acute lung injuries such as ARDS. 
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5.6 Conclusions 

Absolute measurements of individual engorged outlier macrophages – for both 

increased absolute mass and disproportionate increases in specific biomolecular 

component content (i.e., lipids and nucleic acids) – highlight the advantages of the 

ultraquantitative micro-Raman methodology presented herein for analysis of complex 

populations at the single-cell level where conventional biomolecular assays lose 

resolution due to measuring only population average values. By traditional techniques, 

cell suspensions are commonly homogenized before assaying homogenate solution for 

specific biomolecular components separately; in contrast to traditionally-limited 

approaches, our methodology enabled the simultaneous measurement of multiple 

biomolecular components inside single cells, thereby providing a more representative 

picture of individual cells’ compositional phenotypes and cell-to-cell variability throughout 

different populations and during disease pathogenesis. Furthermore, the ability to non-

specifically detect unknown chemical entities inside individual cells opens the doors of 

scientific perception to a previously-unexplored realm, specifically in terms of diagnostic 

potential for human patients with IPF, with potential to take the “idiopathic” out of 

idiopathic pulmonary fibrosis by identifying unknown macrophage cargo that may be 

contributing to IPF pathogenesis. 

Although the ultraquantitative Raman measurements presented herein represent 

an advancement in the field of quantitative Raman cytometry, we have only shown proof-

of-concept for the translational feasibility of the methodology in the context of in vivo 

experimental disease pathogenesis. We hypothesize that the clinical setting and human 

populations are where the major untapped advantages of this technique will emerge, 

specifically in terms of quantitative Raman-based characterization of patient-specific AM 

cargo (e.g., lipids, cholesterol, exposure to pollutants, toxins, drugs, pathogens, etc.) and 

how cargo loading of the macrophage-mucociliary clearance complex relates to idealized 

health. As humanity further engineers a future fraught with chemicals and xenobiotic 

material, there will foreseeably arise a biomedical niche for quantitative assessment of 

the degree of cargo loading within an individual’s alveolar macrophage population. It will 
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be important to profile a multitude of healthy “control” individuals to obtain a quantitative 

baseline cytometric profile of idealized health. Further advances in quantitative analysis 

approaches and micro-calibration technology will enable faster, more accurate and 

reliable measurements, but the methodology proposed herein will remain relevant. 
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5.8 Figures                     

 

 

 

Figure 5-1. Raman spectral quantitation results for BAL cells of untreated and 
fibrotic mice. 

(A) Integrated Raman spectral datasets from BAL cell populations; median spectra shown as solid black 
lines with 0.05, 0.25, 0.75. and 0.95 quantiles shown by shadows. n=150 cells each group (3 mice per 
group, 50 cells per mouse). (B) Population distribution boxplots to visualize the quantitative results from 
linear combination modelling of integrated Raman spectra using pure component reference spectra. 
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Figure 5-2. Compositional cytometry results for in vivo pulmonary fibrosis mouse 
model. 

(A) Component-component correlation plots illustrating the relationship and balance between biomolecular 
content on single-cell basis throughout BAL cell populations from healthy (control) and fibrotic mice 
subjects; each point represents a single cell. (B) Pearson’s correlation coefficients calculated from the 
compositional correlation plots.  
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Figure 5-3. Principal component analysis for in vivo pulmonary fibrosis mouse 
model. 

(A) Basis spectra with corresponding percent of spectral variance accounted for throughout entire Raman 
dataset. (B) PC scatter plots comparing the PCA results from fibrotic subjects’ cell populations (colored 
points) to the control groups (black points). 
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Figure 5-4. Single-cell Raman data reveals unknown signal contributor present in 
punctate pattern throughout cytoplasm of individual cells. 

(A) Reflected brightfield image and corresponding Raman images of a single alveolar macrophage acquired 
from an untreated mouse subject via BAL; Biomolecule and Unknown Raman images were generated by 
plotting signal intensities at 2930cm-1 and 1559cm-1 respectively. (B) Raman spectral overlay showing 
biomolecular component reference spectra (in color with labels) and extracted spectra from indicated 
subcellular regions of the cell. 
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Figure 5-5. Raman spectral quantitation results for BAL cell populations acquired 
at baseline profile for 5 different pig subjects. 

(A) Integrated Raman spectral datasets from BAL cell populations (at least 100 cells each group); median 
spectra shown as solid black lines with 0.05, 0.25, 0.75. and 0.95 quantiles shown by shadows. (B) 
Population distribution boxplots to visualize the quantitative results from linear combination modelling of 
integrated Raman spectra using pure component reference spectra. 
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Figure 5-6. Compositional cytometry results for baseline BAL cell profiles from 5 
different pig subjects. 

(A) Component-component correlation plots illustrating the relationship and balance between biomolecular 
content on single-cell basis throughout BAL cell populations from baseline profile of different animal 
subjects; each point represents a single cell. (B) Pearson’s correlation coefficients calculated from the 
compositional correlation plots.  
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Figure 5-7. Principal component analysis comparing interindividual variability of 
baseline BAL cell populations. 

(A) Basis spectra with corresponding percent of spectral variance accounted for throughout entire Raman 
dataset. (B) PC scatter plots comparing the distribution of PCA results from each subject’s cell population. 
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Figure 5-8. Sequential BAL analysis at baseline and during ARDS for in vivo multi-
insult model in a single pig subject. 

(A) Cytological stain of BAL samples at baseline (time=0hr) and (B) ARDS (time=8hr). (C) Integrated 
Raman spectral datasets from BAL cell populations (100 cells each group); median spectra shown as solid 
black lines with 0.05, 0.25, 0.75. and 0.95 quantiles shown by shadows. (D) Ultraquantitative reference 
spectra used for linear combination modelling. (E) Compositional correlation plots and (F) Pearson’s 
correlation coefficients for ultraquantitative cytometry results. 
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Figure 5-9. Principal component analysis at baseline and during ARDS for in vivo 
multi-insult model in a single pig subject. 

(A) Basis spectra with corresponding percent of spectral variance accounted for throughout entire Raman 
dataset. (B) PC scatter plots comparing the distribution of PCA results for AM cell population between 
baseline and during ARDS timepoint of experiment. 
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Figure 5-10. Spectral overlay of major biomolecular components, unknown signal 
contributors, and other test compounds. 

Raman spectral overlay showing the characteristic signal peaks emitted from unknown 1 (observed in 
untreated mouse AMs) and unknown 2 (observed in pig AMs during progression of ARDS. The unknown 
signal contributors did not match any of the reference compounds tested; the signals appear in region of 
the spectrum where conjugated double bonds typically produce signals (1450-1650cm-1). 
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CHAPTER 6 

Measuring Fenretinide Tissue-Penetration and Spatial Drug Distribution after 
Local Delivery in Buccal Epithelial with Quantitative Raman Spectroscopy 

 
6.1 Relevance to Thesis 

 To expand the application of micro-Raman spectroscopy beyond the scope of 

single-cell analyses thus far explored, I performed quantitative Raman image analysis to 

characterize the controlled-release and distribution of a lipophilic small molecule drug, 

fenretinide, throughout oral buccal mucosa tissue in an in vivo rabbit model. In contrast 

to the cellular analyses previously discussed, Raman analysis of tissue sections requires 

much larger scan areas and acquisition times. Furthermore, there were additional 

unknown signal contributors (in this case: residual blood in tissue) that added complexity 

to the analytical method development not previously encountered in single cells. The main 

goal of this project was to quantify tissue concentrations of the drug around the periphery 

of controlled-release PLGA implants at various timepoints following implantation of the 

polymer-drug complexes in rabbit subjects.  

In this study, the appropriate preparation of tissue sections on glass slides was 

explored and optimized to generate samples which could be reliably imaged via micro-

Raman spectroscopy. A novel calibration methodology was also developed in which 

control tissue sections were prepared on glass slides and incubated in solutions of drug; 

tissue uptake and partitioning of fenretinide was measured via HPLC and the measured 

values were correlated with Raman measurements to generate linear quantitative 

calibration curves. Following this development, polymeric implants (PLGA, PVP, or PVA) 

were formulated and implanted in the buccal mucosa of rabbit subjects to study the in 
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vivo release profiles of different formulations. This study represents the first report of 

tissue diffusion behavior analysis of fenretinide after local delivery via long-acting release 

implants. The results presented herein illustrate the ability of micro-Raman spectroscopy 

for assessing local delivery of small molecule drugs in the context of controlled release 

implants. 

Since biological specimens are typically comprised primarily of proteins and lipids, 

whether it be single cells or tissues, the signals acquired from the prepared tissue sections 

were comparable to those reported previously in cell samples (i.e., alveolar 

macrophages). Beyond the drug concentration measurements reported here, 

harmonization of ultraquantitative calibration methodology with large-scale Raman-based 

tissue section analysis could foreseeably provide insight into other phenomena of 

biomedical interest, such as Raman imaging of clinical biopsy samples (e.g., liver, 

intestine, etc.) in the contexts of any disease or disorder where drugs and/or lipids are 

reported to accumulate and result in unfavorable responses like organ toxicity. In this 

way, the Raman-based analysis of drug distribution in tissue sections reported here 

provide additional support towards specific aim 3 and the central hypothesis of my thesis. 

 

6.2 Abstract 

 The work presented herein is the first time, to our knowledge that tissue 

penetration of locally delivered fenretinide (4HPR) has been measured. 4HPR was 

formulated into long-acting release polymeric implants, and the release kinetics along 

with the drug-tissue penetration were evaluated. Three different millicylindrical implant 

formulations were evaluated including:  water-soluble matrix implants that provided 

continuous release based on the dissolution of the hydrophobic drug, porous poly(lactic-

co-glycolic) acid [PLGA] implants capable of providing very long-acting continuous 

release (1-2 months) and PLGA implants loaded with the amorphous form of 4HPR as a 

solid dispersion in a polyvinylpyrrolidone (PVP) – triethyl-o-acetyl-citrate (TEAC) matrix. 

These implants were injected directly below the rabbit buccal mucosa in the lamina 
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propria and evaluated for their release kinetics and ability to enhance drug-tissue 

distribution.  A quantitative Raman spectroscopic imaging method was developed to 

quantify drug-tissue concentration gradients in excised tissue sections.  These studies 

show that drug release from implants was much faster in the mouth compared to our 

previous in vivo release studies in connective tissues, likely due to greater affinity of 4HPR 

to buccal epithelia and/or increased blood flow relative to the underlying connective 

tissue. The penetration distance for 90% depletion of 4HPR in the buccal tissues was on 

the order of 0.5-8 mm for all formulations.  The PLGA implants loaded with PVP-TEAC-

4HPR provided the greatest drug movement through tissues, likely as a result of 

supersaturated drug concentrations surrounding the implant.  Hence, this site-specific 

drug delivery strategy may be useful for oral cancer chemoprevention by delivering 

therapeutic and widespread 4HPR levels at the target site. 

 

6.3 Introduction 

Fenretinide (4HPR), a synthetic Vitamin A derivative, has been shown to have 

incredible chemopreventive promise, however the inability to effectively deliver it has 

been its mainstay dilemma.  In clinical trials with oral dosing, limited efficacy was observed 

due to dose limiting toxicities, while the drug’s tissue disposition at the site of action was 

not evaluated.  To overcome this limited efficacy with the oral dosing route, local drug 

delivery can be employed, which is capable of delivering a large amount of drug at target 

site while alleviating the undesirable side effects associated with oral dosing. However, 

the inability to achieve widespread drug-tissue distribution is the most prevalent challenge 

to overcome during local drug delivery (1, 2).  Not surprisingly, there are many 

pharmacokinetic factors that govern drug distribution in tissues including: rates of 

diffusion, convection, elimination, protein binding, cellular uptake, capillary permeation, 

degradation and permeability into cell and subcellular components (which may lead to 

bioaccumulation), and finally intracellular metabolism and efflux (3).  To maximize tissue 

distribution, often penetration enhancers are added to the formulation such as solubilizing 

agents, bile salts, chelators, and anionic or cationic polymers(4). 
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As part of our previous efforts in developing local long-acting chemoprevention 

strategies for oral cancer, we have designed millicylindrical implants loaded with 4HPR, 

a drug shown to have chemopreventive properties (5-9).  Local delivery of hydrophobic 

4HPR presents a significant challenge owing to its extreme water insolubility, with a logP 

of 6.31.  Previous studies in our lab evaluated 4HPR plasma levels after subcutaneous 

(s.c.) injections from a controlled release poly(lactic-co-glycolic acid) (PLGA) vehicle, and 

found that after 2 weeks it was unclear whether the actual drug was exhibiting controlled 

release properties due to dissolution into surrounding interstitial fluid, or by slow release 

from tissue lipid “reservoirs” where 4HPR could have accumulated after fast 

dissolution.(10) We have also shown that 4HPR has a high propensity for non-specific 

tissue binding, and that the ability to solubilize the drug was the limiting factor in tissue 

uptake, likely due to affinity for phospholipids and secondarily from protein 

interactions.(11) We have shown that 4HPR can be released slowly over 6 weeks from 

water soluble matrix (poly-vinyl alcohol [PVA]/sucrose) millicylindrical implants in vivo in 

connective tissue, while the PLGA implants containing pore-forming agents provide very 

long release profiles of > 2 mo. We have also found an incredible 1000-fold 4HPR 

solubility enhancement with amorphous dispersions of PVP-4HPR (9/1 w/w), which was 

sustainable for more than 1 week in media.  These formulations were evaluated in vivo 

for their potential to improve 4HPR tissue penetration distance.  For clinical translation of 

oral cancer chemoprevention, rabbit buccal epithelia was chosen to evaluate these 

implants, due to similarity in tissue permeability, thickness and degree of keratinization of 

oral epithelia to humans.   

 Several approaches can be taken to quantitate drug-tissue distribution depending 

upon the molecule’s properties or duration of drug exposure.  A fluorescent molecule can 

be easily imaged, however, conjugating a fluorescent moiety onto a drug can alter its 

tissue diffusion properties.  One could also radio-label the drug and use PET imaging, 

however it is not suitable for long-term studies due to stability of the radio-isotope. For 

molecules not fitting these criteria, the gold standard for drug-distribution studies is tissue 

sectioning, which could mean hundreds of tissue sections per distributive analysis, 
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followed by drug extraction from tissues, HPLC analysis, and data processing.  Because 

this approach is quite laborious, and handling of large volumes of samples has the 

potential to introduce errors, therefore we sought a different approach to measure drug-

tissue distribution.    

In recent years, Raman spectroscopy has emerged as a reliable and informative 

technology for the execution of novel biomedical analyses. The phenomenon involves 

exciting a sample with monochromatic light (typically a laser), thereby inducing molecular 

vibrations within the sample; the vibrational modes consume a fraction of the light energy 

and the remainder is “scattered” as photons of shifted energy levels (or shifted 

wavelengths). By measuring the number of photons emitted at each wavelength, the 

instrument generates a Raman spectrum for the sample under investigation. Accurate 

interpretation of these spectra yields detailed quantitative chemical information about the 

molecules present in the sample. By coupling a Raman spectrometer to a confocal 

microscope, chemical analysis of samples can be performed with submicron spatial 

resolution. One major advantage of Raman Imaging is the non-destructive nature of the 

analyses; tissue sections undergo minimal preparation ensuring the natural distribution 

patterns of the compound of interest are unadulterated. We chose to investigate the utility 

of Raman micro-spectroscopy for quantitative assessment of 4HPR distribution in rabbit 

buccal tissues from millicylinder implant formulations. Raman micro-spectroscopy has 

been successfully employed for measurement of retinoid content in hepatic stellate cells 

using a similar analytical approach as we are proposing here (12). We have found that 

4HPR exhibits a very strong Raman signal, due to the light scattering properties of the 

alkene conjugated poly-olefin chain (C=C vibrational mode), characteristic of retinoids 

and vitamin A derived molecules. 4HPR’s most prominent Raman band, the C=C 

vibrational mode at 1582 cm-1, occurs in a region of the Raman spectrum which is typically 

free of significant spectral contributions from endogenous biomolecules. As such, the 

integrated intensity of this Raman peak can serve to quantitatively measure drug content 

in biological tissues.  
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  Herein, we propose novel analytical methodology for quantitative Raman 

calibration and algorithm validation and then successfully apply these techniques to 

characterize 4HPR distribution in buccal tissue. This is the first time that 4HPR’s tissue 

penetration has been evaluated. Since Raman micro-spectroscopy can be used to 

analyze almost any organic compound and requires no artificial chemical labels, our 

methodology could feasibly be utilized to characterize the natural distribution patterns for 

a multitude of colorless small molecules in a variety of tissue types. 

 

6.4 Materials and Methods 

6.4.1 Reagents and Materials 

 4HPR was generously supplied by Merck Co. Excipients and polymers used for 

millicylinders formulations included: PLGA (50:50, 24-38kDa, acid end-capped, Evonik), 

polyvinyl alcohol, (PVA, 9-10 kDa, 80% hydrolyzed, Sigma Aldrich, St. Louis, MO), D-

sucrose (Sigma-Aldrich), polyvinylpyrrolidone (PVP K30, 40 kDa, BASF, Florham Park, 

NJ), triethyl-acetyl-citrate (TEAC), and magnesium carbonate (MgCO3). Silicon tubing 

(0.8 mm i.d., BioRad Laboratories) was used for implant fabrication via extrusion. All other 

materials were reagent grade or better including ethanol (EtOH), and Tween 80. Solvents 

for UPLC/UV analysis were HPLC grade including acetonitrile (ACN), double distilled 

water (ddH2O), and phosphoric acid (H3PO4). Acitretin (Sigma Aldrich, St. Louis, MO) 

served as an internal standard for the extractions. Tissues were sectioned using optimum 

cutting temperature compound (OCT, Tissue Tek), and adhered to poly-lysine coated 

glass slides prior to incubation. Phosphate buffer saline (PBS) was used for tissue 

incubation media. Oil-red-O and Harris hematoxylin stains were utilized in tissue 

histological examinations.   
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6.4.2 4HPR Millicylinder Formulations 

 Three 4HPR millicylinder formulations were evaluated for drug-tissue penetration 

enhancement: 

1. PVA/Sucrose +10% 4HPR  (crystalline drug) 

2. PLGA+ PVP/4HPR/TEAC (controlled release of amorphous solid dispersion) 

3. PLGA+ 10% 4HPR +3% MgCO3 (porous, very-long acting release) 

 Millicylinder preparation methods have been described in detail.(11) Briefly, PVA/ 

D-sucrose (40%, 30% w/v respectively in ddH2O) millicylinders were loaded with 10% 

4HPR, extruded into silicon tubing, dried in vacuum oven at room temperature for 2 days, 

then 40 ˚C for 2 days, and cut from tubing into 1 cm lengths with an inner diameter of 0.8 

mm. PLGA+ PVP-4HPR-TEAC implants were prepared as described previously(11) by 

first preparing the amorphous solid dispersion of PVP-4HPR-TEAC  (9/1/1 mass ratio) by 

dissolving in MeOH, pouring into a thin film, drying 2 days in vacuum oven at 40 °C, then 

cryomilling the film into fine particles <90 μm (Retsch swing mill cryomill, PN 20.749.001).  

These particles were then loaded into PLGA (dissolved in acetone) at a ratio of 50/50 

(PLGA to PVP-4HPR-TEAC particles), mixed, extruded, then dried and cut to size as 

described above.  The third formulation was a porous matrix composed of PLGA+ 10% 

4HPR+3% MgCO3 and was prepared as previously described.(11) 4HPR loading levels 

were verified using the millicylinder extraction assay as described in following section. 

 

6.4.3 4HPR Millicylinder Loading and Release: Digestion Assay 

 4HPR loading and in vivo release amounts were determined via an implant 

digestion assay.  For the PLGA implants, one millicylinder was weighed, and PLGA and 

4HPR were co-dissolved by addition of 0.5 mL THF, followed by precipitation of PLGA 

with addition of 9.5 mL EtOH. The samples were centrifuged, and supernatant was 

assayed by UPLC/UV.  For the PVA/sucrose implants, the implant was dissolved in 10 

mL of EtOH.   
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6.4.4 4HPR UPLV-UV Assay 

 4HPR levels in millicylinder digests and serum were measured by UPLC/UV.  The 

reverse phase UPLC/UV analysis was carried out with a Waters Acquity UPLC system 

and Empower software under the following conditions:  Acquity BEH C18 2.1x100 mm 

column, mobile phase 80:20 ACN: ddH2O + 0.1% phosphoric acid (H3PO4), isocratic flow 

rate of 0.65 mL/min, UV detection at 365 nm, and total analysis time of 2 min.  4HPR 

LLOQ is 0.05 μg/mL. 

 

6.4.5 Implantation of Millicyclinders in Rabbit Buccal Mucosa Lamina Propria 

 4HPR millicylinders were evaluated in rabbit buccal mucosa lamina propria for their 

ability to enhance drug-tissue distribution and also their release rate.  Female New 

Zealand rabbits 3 months of age were purchased from Charles River Laboratories.  All 

experiments were conducted in accordance to University of Michigan’s AALAC protocols.  

Prior to implantation, rabbits were anesthetized with 5% isofluorane via inhalation, and 

pre-weighed implants were inserted into the buccal region via an 18G trocar. Each rabbit 

received 2 implants (1 per cheek), with 1 cheek utilized for Raman imaging analysis for 

drug distribution, and the other for determining the amount of drug released (n=3 animals 

per formulation per time point).  Serum samples were collected prior to implantation and 

at the study endpoints via ear vein sampling.  After days 1 and 14, rabbits were 

euthanized via intravenous injection of saturated potassium chloride solution.  The buccal 

tissues were harvested and frozen flatly in their native conformation on dry ice and stored 

short-term at -80 °C until tissue sectioning occurred. For the drug-tissue distribution 

analysis, a ~15 mm length of buccal tissue containing a cross-section of the millicylinder 

was mounted onto a cutting chuck with OCT, and a 20 μm section near the middle of the 

implant was placed onto a glass slide, and imaged via Raman spectroscopy. For drug 

release from the implants, the implants were carefully freed from the surrounding tissue, 

and drug was extracted via the loading assay.  The 4HPR release rate from the implants 

in rabbit buccal epithelia was compared to that in rat s.c. previously published.(11) 
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6.4.6 4HPR Serum Levels 

 4HPR sera levels in rabbits were assayed at time zero and at study endpoints.  A 

100 uL aliquot of serum was spiked with internal standard (5 μL of 0.5 mg/mL acitretin), 

extracted with 300 uL ACN by sonication on ice for 10 min, clarified by centrifuging at 

12,000 rcf for 10 min, and the amount of 4HPR in supernatant was determined by UPLC 

assay, and extraction recovery normalized to the internal standard recovery. 

 

6.4.7 4HPR-Incubated Tissue Sections as Calibration Standards for Raman 

 Rabbit buccal epithelia was cryosectioned (Leica 3050S crysotat) into 20 µm thick 

sections in z-plane orientation, so that each section contained a cross-section of all layers 

of epithelia (mucosa, lamina propia, and epithelium) along with millicylinder, and were 

thaw mounted onto poly-lysine coated glass slides. A representative tissue mass was 

recorded by averaging the weight of 3 tissue sections collected intermittently throughout 

the relatively homogeneous tissue block. The tissues sections were pre-treated by 

incubating in PBS + 0.5% Tween for 30 min, then incubated in 4HPR/PBST 0.5% 

calibration solutions (n=4) ranging from 1-500 μg/mL for 4 h, followed by tissue wash PBS 

and ddH2O.  At each concentration level, 3 tissues were extracted and assayed for 4HPR 

uptake by UPLC, and 1 was reserved for Raman imaging analysis, such that Raman 

imaging calibration curve could be constructed from UPLC 4HPR-tissue uptake results.  

The 4HPR tissue concentration was expressed as µg 4HPR/mg tissue, using the average 

mass of 1 tissue section for that bulk tissue block.  Additionally, 4HPR tissue partitioning 

coefficient (Kp) was calculated from the concentration of free drug in incubation media 

(Cfree) and the tissue uptake (Ctissue). 

WE =
PXYZZ[\
P]^\\
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6.4.8 Raman Measurements 

 To acquire a Raman image, the excitation laser was raster-scanned across the 

sample region of interest, collecting a Raman spectrum at every pixel and generating 

what is termed a hyperspectral image.  All Raman images were acquired by a WiTec 

alpha300R confocal Raman microscope equipped with the 532nm solid-state sapphire 

excitation laser (tuned to ~35mW intensity) and a 10x air objective (Zeiss Epiplan-

NEOFLUAR, NA (numerical aperature) = 0.25) coupled to a CCD detector via a multi-

mode fiber of 100µm diameter, serving as the confocal pinhole. Calibration standard 

spectra were acquired by raster scanning over three separate 2000 x 200 micron regions 

of each drug-incubated buccal tissue; relatively high spatial resolution was attained with 

a step-size of 20 microns and pre-bleaching of biological autofluorescence was 

accomplished by programming laser focus to pause for 0.5 seconds at each point before 

acquiring spectra over integration time of 0.5 seconds. In order to achieve reasonable 

acquisition times over the test sample regions of interest, large area raster scans were 

performed with a step-size of 50 microns, pausing for 0.4 seconds at each point before 

acquiring spectra over integration time of 0.2 seconds. Depending on the spatial 

dimensions of tissue region scanned, total acquisition times ranged from six to fourteen 

hours per test sample.  

 

6.4.9 Raman Data Processing 

For the purposes of drug distribution analysis throughout multiple layers of buccal 

tissue, the Raman images are typically comprised of at least 30,000 individual spectra. 

This creates a need for automated computational algorithms to process, interpret, and 

translate the acquired Raman signals into relevant chemical information to address the 

scientific question of interest. Using WiTec Project FOUR Software, all Raman spectra 

were first cleared of cosmic rays (filter size: 4, dynamic factor: 2) and noise was reduced 

via a moving average smoothing matrix; baseline subtraction was performed by fitting a 

9th order polynomial to spectral data points in the following wavenumber ranges: 205-515, 
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840-900, 1345-1405, 1495-1530, 1770-2690, and 3120-3750 (cm-1). To generate Raman 

images, data was exported to MATLAB and an in-house algorithm was developed to 

ultimately identify and integrate 4HPR’s characteristic Raman peak at 1582 cm-1 at every 

pixel of the scanned tissue section (See Figure S-32 algorithm protocol). The glass 

background was first subtracted and a decision tree was employed to distinguish and 

remove spectral contributions from the naturally occurring biomolecule heme (which 

yields a strong interfering Raman signal at ~1588 cm-1) from that of 4HPR. A signal-to-

noise ratio of ≥3 was installed as the detection limit for a peak. Spectra were normalized 

to account for variation in tissue thickness, the 4HPR Raman peak at 1582cm-1 was 

integrated, and the drug/tissue mass ratio was calculated from the calibration curve. 

Because spectral analysis algorithms are relatively detailed processes, it is imperative to 

confirm the accuracy of each step in the process in order to ensure validity of the overall 

algorithm. To optimize and verify algorithm parameters, test samples were generated and 

analyzed as per acquisition methodology, processed through the algorithm, and used to 

determine the rates of false positive and false negative 4HPR detection in different 

biochemical tissue environments. For all in vivo 4HPR-dosed tissue Raman images, 

algorithm result outputs were manually compared with unprocessed spectral images and 

regions where sample burning occurred were cropped out so as not to artificially influence 

drug distribution analysis. 

 

6.4.10 Drug Concentration-Diffusion Distance Curves 

 4HPR tissue distribution in the buccal epithelia was determined by generating drug 

concentration-diffusion distance curves (i.e., penetration distance) based on the Raman 

imaging, whereby concentrations were generated from signal intensity via calibration 

standard tissue sections. To prepare these penetration distance plots, a 1 mm wide region 

containing the center of the implant was selected in both the y-plane (i.e., same tissue 

layer) and the z-plane (through different tissue layers).  Additionally, the z-layer diffusion 

was expressed as drug movement towards the epithelium and also towards the mucosa.  

The distinction between these different tissue layer compositions is suspected to affect 
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the drug penetration.  The diffusion distance was reported at the location where drug 

concentration decreased to 10% of its initial value (C10), i.e., 90% drug depletion. 

 

6.4.11 Lipid Level Estimation in Tissue Sections by Oil-Red-O Staining 

 Lipid levels in buccal epithelia tissue sections were quantified by image analysis 

using Aperio ImageScope (V12.1.0) of the tissue uptake of lipid specific oil-red-o-stain.  

The glass-mounted tissue sections were fixed with 10% neutral buffered formalin, rinsed 

with ddH2O, then stained with oil-red-o stain (dissolved in EtOH), and counterstained with 

Harris Hematoxylin.  

 

6.5 Results and Discussion 

6.5.1 Raman 4HPR Tissue Calibration Standards 

 The first step in developing our quantitative Raman imaging method was to 

prepare a calibration curve with buccal tissue sections incubated in 4HPR dissolved in 

PBST 0.5% solutions (4 h previously determined to be the equilibrium binding time). As 

shown in Figure 6-2a, there was a linear increase in 4HPR tissue uptake as the 

concentration of 4HPR in incubation media increases, with correlation coefficient of r2= 

0.997.  We calculated 4HPR partitioning from the PBST 0.5% media into buccal 

epithelium sections, and found consistent partitioning (Kp) ranging from 1.9-2.2 over a 

wide concentration range of 3-91 ug/mL free 4HPR in media (Figure 6-2b). This high 

affinity tissue partitioning may adversely impact 4HPR’s ability to diffuse through tissue, 

that is, 4HPR will prefer to bind to tissue components (lipids, proteins) rather than diffuse 

via local blood flow.   

Calibration sections were analyzed as per acquisition methodology and 30,000 

Raman spectra were collected across all regions of each tissue section and individually 

processed using algorithm to determine the integrated intensity of the 4HPR peak at 1582 

cm-1. The average spectra for each calibration standard are reported in Figure 6-2c and 
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the average (+/- SE) integrated intensity yielded a linear relationship with the drug/tissue 

mass ratio as determined by HPLC (r2=0.985). The linear range was 6.5 – 200.7 µg 

4HPR/g tissue, and tissue regions exceeding this range were considered to have a 

saturated Raman signal, as represented by the white color in the Raman concentration 

images. 

 

6.5.2 Raman Hyperspectral Image Processing Algorithm 

 To analyze 4HPR distribution throughout a single buccal tissue section (20 um 

thick), at least 30,000 Raman spectra were required. Acquired in a raster pattern across 

the tissue section under investigation, each spectrum required integration of the peak of 

interest (4HPR), thus creating a necessity for automated algorithms that perform 

processing functions in a time-efficient manner. Developed in-house, our MATLAB 

algorithm is capable of processing tens-of-thousands of spectra per minute with 

outstanding reliability. Accurate peak selection in the acquired Raman spectra required 

designing algorithms that could distinguish between the oxygen-carrying heme protein in 

blood at 1588cm-1, that partially overlaps the characteristic peak of 4HPR, making 

distinction between the two difficult. Exploiting heme’s unique Raman peak at 750cm-1, 

we successfully employed a decision tree to identify spectral contributions from heme and 

used a scaled reference spectrum obtained from pure blood to subtract the interference, 

leaving only spectral contributions from 4HPR and other tissue components to be 

quantified. No other chemical components present in our system, including millicylinder 

excipients, interfered with the 4HPR Raman peak at 1582cm-1 (Figure S-31). To confirm 

the validity of algorithm functionality, Raman test datasets were acquired from dispersions 

of pure biochemical components or unadulterated buccal tissue on glass slides. Since the 

intended Raman results for the test samples were known, they were used to 

experimentally determine the reliability of the algorithm. 
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6.5.3 Evaluation of 4HPR Release from Millicylinder Implants 

 The three millicylinder formulations prepared with different polymer systems and 

drug-solubility enhancement were evaluated in vivo for their release rate as well as their 

drug-tissue distribution after 1 and 14 days.  The effects of implantation sites on drug 

release rate was evaluated by comparing release into buccal mucosa laminar propria vs. 

underlying connective tissue, which was previously evaluated in our rat in vivo 

studies.(11) The immediately dissolving, water soluble matrix PVA/sucrose implant 

served as a benchmark for the dissolution-controlled release of a hydrophobic solid drug 

depot.  The PLGA + 10% 4HPR + 3%MgCO3 formulation was shown to have very long-

acting release in connective tissues (> 2 months release).  The PLGA+ PVP-4HPR-TEAC 

formulation provided superior solubility enhancement due to formation of amorphous solid 

dispersion between PVP, 4HPR and TEAC, and served to test the premise that the ability 

to solubilize the hydrophobic drug is the limiting factor in tissue dispersion.   

 The results for drug release from these implants are shown in Figure 6-3, and 

actual 4HPR implant loading is noted in the figure. All of the implants released faster in 

buccal epithelia compared to connective tissue, likely due to greater blood flow in the 

mouth compared to skin.  In the PVA/sucrose formulation, the day 1 burst in buccal was 

almost double of the release in connective tissue, likely due to lack of slowly eroding 

polymer controlling the release. The PLGA-PVP-TEAC amorphous drug system also had 

a high burst release on day 1 in buccal (62%), while in connective tissue only 26% 

released, yet after 2 weeks, both released similar levels (69% and 77% respectively).   

This fast release is likely due to only 50% PLGA implant composition. The very long-

acting release PLGA formulation with pore-forming agent MgCO3, released 4HPR twice 

as fast in buccal (29% vs 15%) after 14 days, and therefore was most capable of these 

formulations at providing long duration of release in the mouth, due to PLGA’s well 

characterized slow release properties based on this polymer’s hydration and erosion 

profiles. 

The drug-tissue concentration gradients were generated based on the Raman 

imaging methods and calibration curve shown in Figure 6-2.  In Figure 6-4, a 
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representative Raman image is shown for 4HPR dispersion in buccal epithelia after 14 

days of release from the PLGA-PVP-4HPR-TEAC implant.  The preparation of the 

concentration – diffusion distance curves is clearly marked around the implant hot spot, 

and shows selected regions of z-plane diffusion, (through different tissue layers), and y-

plane diffusion (along same tissue layer). For example, the y-diffusion distance (Figure 6-

4b), is measured at the edge of the saturation zone (200 μg 4HPR/g tissue at 6000 μm) 

to the C10 (20 μg 4HPR/g tissue at 200 µm), and therefore equals a C10 penetration 

distance of 5.8 mm.  A complete data set for all formulations, replicates, and time points 

including Raman images and concentration–diffusion distance curves, can be referenced 

in Appendix D Figures S-33 – S-38. 

 4HPR’s tissue penetration from these implants is portrayed by distance by which 

4HPR’s concentration decreased to 10% of the initial level (C10) surrounding the edges 

of the implant.  These distances were extracted from Raman images in Appendix D 

Figures S-34 – S39, and are shown in Figure 6-5 for both the z-plane diffusion towards 

the mucosa and towards the epithelium (Figure 6-5a) in addition to the y-plane diffusion 

(Figure 6-5b).  Most notably, the y-plane diffusion along same tissue plane is much 

greater than diffusion through different tissue layers.  It is difficult to discern which tissue 

layer 4HPR prefers to move towards, (epithelia or mucosa), as no trends could be 

determined with this sample size (n=3).  All formulations and time points had an average 

z-plane diffusion distance of 0.35 to 2.5 mm. Pre-cancerous cells will proliferate from the 

basal cell membrane, a region close to the where the implants were dosed, and therefore 

these implantation depths and drug diffusion distances in z-plane should be satisfactory 

for oral cancer chemoprevention.   

A better indication of the formulation’s drug tissue-penetration enhancing 

performance can be observed along the y-plane.  The PVA/sucose implants had an 

average diffusion of 1.4 mm after day 1, while that value decreased to 0.9 mm after 14 

days.  This could be attributed to clearance of the drug from the active site where after 1 

day they released 47% 4HPR, and 68% after 14 days.  Perhaps the large burst release 

of unsolubilized drug was itself a barrier to diffusion.  Next, we see that the very slow 
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releasing PLGA+ MgCO3 formulation enabled greater drug diffusion than the solid depot, 

whereby 4HPR diffused on average 1.7 mm and 2.3 mm from implant after 1 and 14 days 

respectively.  Finally, the PLGA + amorphous, solubilized drug (PVP-4HPR-TEAC), had 

far surpassed the other formulations in tissue penetration enhancement, such that 4HPR 

diffused on average of 2.5 mm and 5.6 mm after 1 and 14 days respectively.  As 

hypothesized, the ability to deliver a solubilized form of the drug into the aqueous tissue 

environment was the limiting factor in its ability to achieve widespread tissue distribution. 

As the oral cavity is a curved surface with interruption of the mucosa surface by the 

rabbit’s lip pomenture, some of the diffusion variability could be attributed to differences 

in implantation angles or depths, and therefore cross-sections may have captured slightly 

different diffusion planes.  For all formulations, there was no detectable 4HPR in serum, 

which is a favorable aspect with local delivery systems, and therefore the undesired side-

affects associated with systemic drug delivery could be alleviated with our systems. 

 Our results shown in Figure 6-5 show that we were capable of enhancing 4HPR 

tissue penetration by controlled release of 4HPR from PLGA implants by delivering the 

amorphous solid dispersion (PVP-4HPR-TEAC).  However, likely other physiological 

factors are present that can aid in distribution or acting as a diffusion barrier, such as local 

blood flow, degree of keratinization of tissue, and local protein/lipid levels to name a few. 

To further investigate this, a histological examination of the tissue environment 

surrounding the implant was performed which included staining with oil-red-o specific for 

lipids, followed by Harrison hematoxylin stain. This microscopic examination of tissue 

biocomponents was colocalized with the molecular signals of proteins and lipids from 

Raman images. In Figure 6-6a, we see that the red lipid-specific stain has the greatest 

uptake in the lamina propria region (i.e., the implantation site).  An attempt was made to 

correlate the amount of lipid and y-plane diffusion distance (along same tissue layer), for 

each of the 3 formulations (time points were combined). As shown in Figure 6-6b, the 

level of lipids does not appear to affect the diffusion distance for the PVA/sucrose and 

PLGA+MgCO3 formulations, however we see a positive effect of diffusion distance 

increase as local lipid levels increase for the solubilized PLGA+PVP formulation.  In 
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Figure 6-6c, we see that Raman mapping shows the highest levels of protein and lipid in 

the lamina propria region (i.e., implantation region), and is consistent with the oil-red-o 

staining (Figure 6-6a). Further tissue pathological investigations may prove insightful for 

enhancing drug diffusion distance for local delivery systems. 

 

6.6 Conclusions 

 Here, we have published for the first time, the tissue diffusion behavior of 4HPR 

after local delivery in buccal epithelia from long-acting release implants.  We have 

developed quantitative Raman imaging and spectral processing methods to obtain high 

resolution of drug distribution in tissue sections.  We have shown that 4HPR diffusion 

distance can be enhanced 4-fold by delivering an amorphous form of 4HPR from PLGA 

implants, compared to the solid dispersion control prepared in a PVA/sucrose matrix.  

Therefore, the ability to solubilize this hydrophobic drug is a limiting factor in its tissue 

distribution.  Furthermore, we have shown that the tissue type, i.e., buccal 

epithelia/lamina propria compared to connective tissue, has a significant impact on the 

rate of drug release from these implants, such that nearly 2-fold increase in amount of 

drug released occurred in the buccal epithelia, likely due to greater blood flow.  There are 

other physiological factors that may contribute to the 4HPR diffusion, including lipid and 

protein level, or depth of implantation, and deserve further examination for future 

evaluation of the drug system’s performance. We have shown that these implants are 

capable of delivering 4HPR to the basal cell membrane tissue regions to target the pre-

cancerous cells that may arise, and may be a beneficial strategy for secondary oral cancer 

chemoprevention. Notably, millicylinder placement in the loose extremely well 

vascularized oral mucosal lamina propria had a major impact on 4-HPR release and 

dispersion relative the denser sub epidermal connective tissues.  
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6.8 Figures                     

 

 

Figure 6-1. Graphical abstract for fenretinide tissue distribution analysis. 

Long-acting release implants containing fenretinide (4HPR) were implanted into the buccal epithelia of 
rabbits. At various timepoints following implantation, the animals were sacrificed and buccal tissue sections 
were collected and prepared on glass slides. Raman analysis of tissue regions revealed penetration 
distance and concentration gradient mapping. 
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Figure 6-2. Quantitative calibration of Raman tissue imaging methodology. 

Excised buccal tissues (sectioned 20 μm thick) incubated in known concentrations of 4HPR (in PBST 0.5%) 
were assayed via HPLC, and served as calibration standards for quantitative interpretation of Raman 
spectra. (A) 4HPR tissue uptake as a function of incubation media concentration (B) 4HPR partitioning (Kp) 
from aqueous media into tissue, (C) 4HPR Raman spectra showing limit of detection at 6.5 µg 4HPR/g 
tissue, and (D) Raman 4HPR-tissue calibration curve shows Raman signal intensity as a function of tissue 
concentration by HPLC (n=3, mean ± SE). 
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Figure 6-3. In vivo % release of 4HPR from millicylinder implants in rabbits. 

4HPR in vivo release from three millicylinder formulations after 1 and 14 days in rabbit buccal 
epithelia/lamina propria compared to connective tissue types (mean ± SE, n=3).  The PVA/sucrose implant 
is an immediately dissolving, water soluble matrix, the PLGA+PVP-4HPR-TEAC implant provides controlled 
release of a solubilized form of 4HPR, while the PLGA+ 3% MgCO3 provided very long-acting drug release. 
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Figure 6-4. 4HPR tissue distribution after release from millicylinder implants.  

(A) Representative Raman image of tissue dosed with PLGA+ PVP-4HPR-TEAC implants after 14 days 
detailing the process for generating drug-tissue penetration curves in both the (B) y-plane (same tissue 
layer) and (C) z-plane (towards epithelium or mucosa). Each data point represents a 50x50 μm pixel from 
the corresponding boxed region in (A), and the location of millicylinder is noted on plots with a yellow circle. 
Full data set for each sample replicate and times points can be referenced in Appendix D. 
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Figure 6-5. 4HPR tissue penetration distances in buccal epithelia. 

4HPR penetration distances in buccal epithelia from millicylinder formulations after day 1 and 14 determined 
by concentration gradients in tissue sections measured by semi-quantitative Raman spectroscopy. 
Penetration distance represents distance by which drug concentration decreased to 10% of starting value, 
which was 20 μg 4HPR/g tissue, given that Raman signal intensity was saturated at perimeter of implant, 
giving initial concentration at edge of implant of 200 μg 4HPR/g tissue. (Mean ± SE, n=3). 
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Figure 6-6. Correlation of tissue composition with 4HPR diffusion distance. 

(A) Representative oil-red-o stained tissue (specific for lipids), (B) 4HPR penetration distance as a function 
of lipid level for each formulation, and (C) Raman mapping of 4HPR, lipid, and protein in a tissue section 
incubated in 4HPR/PBST solution, and co-localization of the biocomponents in the different tissue sections 
(epithelium, lamina propria, and mucosa). 
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CHAPTER 7 

Conclusions, Future Outlook, and Broader Implications 

 
7.1 General Conclusions 

7.1.1 Raman Spectroscopic Microanalysis of Intracellular Drug Accumulation 

 Clofazimine served as a preliminary model compound for Raman-based analytical 

development because it is known to accumulate to a greater extent than most other 

compounds, at least to the best of our current understanding, and its red color provides 

clear evidence of bioaccumulation inside cells. Micro-Raman spectroscopy was utilized 

to study supramolecular biocrystalline assemblies of clofazimine (that form in vivo within 

macrophages) and a synthetic-biomimetic microcrystalline formulation.(1-3) Under 

excitation with visible light (i.e., 532nm laser) the Raman signal of clofazimine was 

amplified, presumably due to resonance effect, making the linear range of quantitation for 

the drug extremely narrow. Although quantitation was difficult, this study did serve as 

Raman-based verification of the massive degree of intracellular accumulation that is 

consistently observed in the macrophages of human and animal subjects treated with the 

compound for extended periods of time.(4-7) Despite difficulties with quantitation inside 

single cells, micro-Raman spectroscopy proved useful in the analytical characterization 

of artificially-synthesized biomimetic clofazimine microcrystals, specifically to study the 

flexibility and elasticity properties and evaluate changes in the crystal structure as a result 

of manufacturing processes such as jet milling and heat-sterilization.  

Although clofazimine was a convenient compound to illustrate proof-of-

accumulation, most FDA-approved drugs on the market are colorless, and therefore more 

difficult to observe. This is the analytical niche which micro-Raman can foreseeably 
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occupy due to its inherently non-specific nature of detection: to screen for and measure 

the intracellular accumulation, distribution, and phase transitions of colorless small 

molecule drugs with the propensity for bioaccumulation. Herein, I showed feasibility for 

Raman-based intracellular distribution analysis of a multitude of FDA-approved 

accumulating small molecules inside individual macrophages; the novel cell sample 

preparation technique presented allowed for quantitative Raman imaging of the 

intracellular distribution of accumulating compounds in relation to endogenous 

biomolecules of interest, specifically identifying subcellular compartments such as nuclei 

and lipid droplets.(8) The methodology also enabled clear distinction between the nucleus 

and cytoplasm and identified distinct cytoplasmic inclusions, exhibiting strong lipid or 

nucleic acid signals. Furthermore, the novel calibration methodology (involving 

stoichiometric mixtures of drug and phospholipid on silicon chips) provided quantitative 

estimation of the amount of drug content, relative to amounts of other biomolecules, 

present inside single cells.  

These experiments also served as the foundation for statistical interpretation of 

Raman spectra via non-negative least squares regression (aka linear combination 

modelling and Biomolecular Component Analysis); the least squares regression model 

with protein, lipid, and nucleic acid reference spectra, accounted for the majority of 

spectral variance in typical alveolar macrophages from untreated animals in our 

experiments and also served as a reliably-robust model for other groups based on reports 

in the literature.(9-12) In addition, the occurrence of Raman spectral signals that were 

unaccounted for by the pure component reference spectra (unknown signal contributors, 

i.e., unknown molecular species) could be automatically picked out and analyzed more 

thoroughly to potentially identify the unknown compound. Overall, confocal Raman 

microscopy offers tremendous potential for quantitative analysis of the intracellular 

distribution and sequestration of small molecules in macrophages; expanding the current 

breadth of this technology to the clinical setting by characterizing subcellular distribution 

phenomena for a multitude of drugs used during treatment of various disease states 

would provide valuable insight into drug bioaccumulation and the role of macrophages. 
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7.1.2 Inkjet-Printed Micro-Calibration Standards 

 The development of cell-sized micro-calibration standards of known total 

(absolute) mass and composition represents a significant innovative advancement in the 

field of cytometry in that it enables quantitation of the total molecular contents of individual 

cells in absolute (picogram) scales. This technology opens the doors of scientific 

perception to the unadulterated biomolecular realm inside individual cells and can be 

applied to quantitively study cellular accumulation phenomena in the context of a 

multitude of storage disorders. With rising awareness of the significance of cell population 

diversity and the pathophysiological consequences of cell subpopulations that play crucial 

roles in different disease states, there comes a scientific niche for single-cell quantitative 

analysis which could foreseeably be addressed using this micro-calibration technology 

with Raman microscopy or alternative techniques such as mass spectrometry.(13)  

 From a technical perspective, fabrication of protein and nucleic acid microarrays 

has been previously established, but inkjet-printing of lipids has remained elusive.(14, 15) 

Synthetic high-density lipoprotein nanodiscs enabled the apparent dissolution 

(overcoming solubility barrier of lipid in water) of known amounts of phospholipid into 

aqueous printer ink formulations reported herein. The nanoscale particle size of synthetic 

high-density lipoprotein nanodiscs (~10nm diameter) allowed for repeatable and 

consistent inkjet-printing of lipid micro-calibration standards and also enabled 

homogenous mixing of lipids and proteins in aqueous inks at ratios present in actual 

eukaryotic cells. Furthermore, I herein showed that the linearity of integrated Raman 

signals (total signal acquired across a given area) is directly correlated with the total (or 

absolute) mass of material present within a given scan; because of this linearly-correlative 

relationship, non-negative least squares regression spectral deconvolution (aka linear 

combination modelling with pure component reference spectra) harmonizes well and 

enables quantitative deconvolution of integrated Raman spectra into picogram 

measurements for each major molecular component of interest.(16-18) 
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7.1.3 Ultraquantitative Raman Spectral Cytometry 

 With the development of cell-sized micro-calibration standards, verification of 

emitted Raman signal linearity, and theoretical harmonization with least squares 

regression statistical model, ultraquantitative micro-Raman spectral cytometry – a 

cytometric approach to quantitatively measure the absolute amount of cellular material 

and bioaccumulating contents – became a reality. While there is still further development 

work to be done beyond what has been presented herein, the theoretical foundation for 

this technique has been established. In this work the ultraquantitative approach was 

utilized to study drug and lipid accumulation phenomena in a multitude of cell types from 

different animal species and humans, suggesting this technique is broadly applicable for 

cytometric analysis of most eukaryotic cell specimens of interest. By measuring changes 

in the absolute (or total) amount of biomolecular contents on a single-cell basis, 

ultraquantitative Raman spectral cytometry provides a unique and novel perspective into 

the compositional phenotype of cells, specifically of interest in the context of storage 

disorders where total cellular contents are changing or increasing. 

 Lipid accumulation was of specific interest for the scope of this project, as drug-

induced phospholipidosis is a relatively common and poorly understood side effect of 

bioaccumulating drug compounds. As evidenced by in vitro incubation experiments of 

alveolar macrophages with amiodarone, ultraquantitative Raman spectral cytometry 

could successfully and reliably differentiate between drug-treated and untreated cells 

whilst simultaneously providing quantitative measurements of lipid accumulation (i.e., 

picograms/cell). Furthermore, the Raman hyperspectral datasets could be used to 

generate images which revealed punctate lipid inclusions inside drug-treated cells: the 

histopathological hallmark of drug-induced phospholipidosis. Ultraquantitative Raman 

spectral cytometry also proved useful in evaluating changes in compositional phenotypes 

of alveolar macrophages in the contexts of chronic and acute lung injuries in vivo, namely 

in mouse pulmonary fibrosis and porcine acute respiratory distress syndrome animal 

models. The porcine model, involving significant multidisciplinary collaboration with 

critical care clinicians, served to elucidate obstacles that may be encountered in the actual 
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clinical setting, thereby facilitating translation of the technology for biomedical application 

in human patients. Ultraquantitative Raman spectral cytometry was also able to quantify 

biomolecular content inside human skin fibroblasts, verifying its application for the study 

of human cell samples. 

 

7.1.4 Raman Analysis of Biological Tissue Sections 

 The Raman microanalysis of entire rabbit buccal epithelial tissue sections 

prepared on glass slides successfully demonstrated the ability for quantitative analysis of 

drug distribution and tissue penetration in the context of controlled release polymeric 

implants in vivo. This study established an appropriate methodology for tissue section 

preparation and quantitative calibration of micro-Raman instruments for quantitative 

chemical imaging of biological tissue samples. Although there has been a previous report 

of Raman-based quantitation of retinol compounds in tissue, this is the first report of what 

may be termed “large-scale” chemical imaging for distribution and tissue penetration 

analysis of a synthetic drug compound (i.e., retinoid derivative fenretinide) on the size-

scale of millimeters.(16) Furthermore, this study showed how micro-Raman chemical 

imaging can be effectively used for comparative evaluation of drug delivery from different 

controlled release formulations in an effort to optimize drug distribution and efficacy in 

vivo. 

 

7.2  Future Outlook 

7.2.1 Increased Complexity of Inkjet-Printed Micro-Calibration Standards 

 The inkjet-printed micro-calibration standards presented herein represent a 

significant technological advancement for absolute cytometric measurements and reliably 

established signal-to-mass ratios (CCD counts / picogram) for protein, lipids, and 

cholesterol but there is still further room for improvement. Although stoichiometric 

mixtures – such as protein:DNA (both hydrophilic) or drug:lipid (both hydrophobic) – can 
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be used to determine signal-to-mass ratios for additional components as presented in this 

dissertation, incorporation of additional compounds into the inkjet-printed micro-

calibration standards (i.e., drugs, DNA, RNA, carbohydrates, etc.) would enable more 

reliable quantitative calibration for the analysis of actual biological cells; the closer the 

micro-calibration standards mimic actual biological cells, the more reliable the 

measurements will become. In this way, an investigator could experimentally determine 

the limits of detection and quantitation for different molecular components within single 

cells and confidently verify the linearity of emitted Raman signals in more complex 

mixtures. 

 In addition to increasing the number of components, the micro-calibration 

standards could foreseeably be utilized to measure picogram quantities of different 

biomolecular components on a per-pixel basis throughout the entirety of a single cell. 

Where this work has been limited to quantitation of total (absolute) molecular contents 

within a single cell, it has not explored the potential for subcellular compartment 

measurements. More specifically, by relating the signal intensities (CCD counts) on a per-

pixel basis to the distribution of mass (picograms) throughout a given micro-calibration 

standard, an investigator could measure the total mass (picograms) and relative 

composition (e.g., % protein, lipid, etc.) at every pixel of a single-cell Raman image. This 

is currently achievable with the micro-calibration standards as they are. In theory, an 

investigator could simply harmonize the single-cell Raman imaging methodology 

presented in Chapter 3 with the quantitatively-calibrated pure component reference 

spectra (determined using micro-calibration standards) presented in Chapter 4 of this 

thesis. In this way, one could make absolute measurements of intracellular drug 

inclusions and foreseeably explore cellular bioaccumulation as never before. 

 

7.2.2 Ultraquantitative Raman Microanalysis of Intracellular Lipid Trafficking 

 To expand further upon the ultraquantitative foundation established in this 

dissertation, micro-Raman imaging could foreseeably be utilized to quantitatively study 
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the intracellular transport of high-density lipoproteins and their ability to clear cholesterol 

from within individual cells. While HDLs have exhibited the ability to clear cholesterol from 

within cells, the intracellular mechanisms by which this occurs are not completely 

understood. While fluorophore-tagged synthetic HDLs can be monitored inside single 

cells, the fluorophore may alter the physicochemical properties of the nanoparticle and 

may be confounded by potential separation of the two constituents within cell lysosomes. 

Multiple fluorophores could be used, correlating spatial distribution of the two to ensure 

particles remain intact, but this approach would still lack the ability to assess lipid transfer 

between the particles and cell. Utilization of deuterated phospholipids offers a unique 

Raman-based approach to measuring intracellular lipid distribution and preliminary 

studies have been reported previously by others.(21) Carbon-deuterium bonds vibrate at 

unique frequencies which do not occur naturally in biological cells, giving rise to a C-D 

signal in a background-free region of acquired Raman spectra. From an ultraquantitative 

perspective, the first step in designing these experiments would be to generate 

stoichiometric mixtures of deuterated lipid (which is commercially-available) with non-

deuterated lipid (i.e., the kind used for all experiments presented herein) to experimentally 

determine the relative Raman signal intensities of the two lipid species. From there, the 

investigator could synthesize HDLs, with established ratios of deuterated to non-

deuterated lipid, and incubate cells to facilitate their uptake. Using ultraquantitative 

Raman imaging, subcellular measurements could foreseeably be made which estimate 

the number and state of each HDL particle within a single cell and potentially monitor the 

fate of HDL-delivered lipids (i.e., by following the deuterium). 

 

7.2.3 Potential Applications for Ultraquantitative Raman Spectral Cytometry 

Ultraquantitative Raman spectral cytometry has herein been utilized in a diverse 

multitude of scenarios and promising feasibility for application in the clinical setting has 

been demonstrated but its true potential remains untapped. Amiodarone-induced 

phospholipidosis served as the scientific catalyst for this research endeavor so 

measurement of intracellular drug and phospholipid accumulation has been the 



 

 206 

underlying goal, from a technical perspective. With the invention of inkjet-printed micro-

calibration standards, a slew of biomedical research avenues has been opened through 

which ultraquantitative Raman spectral cytometry may serve to elucidate pathogenic 

phenomena involving lipid and/or drug accumulation at the cellular level.  

The use of ultraquantitative Raman spectral cytometry for single-cell quantitative 

analysis of drug-induced phospholipidosis – specifically measuring intracellular 

amiodarone and phospholipid accumulation – was demonstrated in Chapter 4. The 

promising results suggest that quantitative Raman spectral analysis of BAL macrophages 

from patients taking amiodarone could provide extremely insightful single-cell 

pharmacokinetic information, relating macrophage drug loading to the health status of 

each patient, with the goal being side effect risk assessment and elucidation of a critical 

toxicity threshold. Although we were unable to reliably distinguish between wildtype 

human skin fibroblast cell lines or those with Niemann-Pick type C (NPC1 genetic variant) 

lipid storage disorder, the extent of lipid accumulation in vitro may not be representative 

to the real-world patient population; perhaps the degree of lipid accumulation was simply 

not significant enough to detect. As observed in animal subjects given ad libitum drug 

regimens for extended periods of time, bioaccumulation occurs on a much more massive 

scale in vivo than is possible in vitro; this may be due to a complex adaptive immuno-

protective response mustered by the host’s macrophages, as observed in the case of 

clofazimine bioaccumulation.(22, 23)  

When considering using this technology for analysis of cell specimens acquired 

from in vivo injury models or humans in the clinical setting, it may be necessary to confirm 

the identity of specific cell types of interest; we performed some preliminary 

developmental work in this area but it was not reported in this dissertation and further 

work is still needed to validate the methods. Using our proposed sample preparation (air-

dried cells as thin dispersions on the surface of silicon chips), we were able to selectively 

tag pig BAL cells that expressed surface marker SWC9 (presumably pig alveolar 

macrophage marker) with a fluorophore-conjugated antibody (DyLight 549) that could be 

excited with the Raman’s 532nm laser. Conveniently, we found the Raman analysis could 
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be non-destructively performed on the cells before they were incubated with antibody. In 

this way, alveolar macrophages acquired from pig BAL could be positively identified 

following Raman analysis. Furthermore, the use of gravity-assisted cell sorting techniques 

using antibody-conjugated glass microbubbles would provide an exceptionally 

straightforward and facile separation that could be confidently performed in the clinical 

setting (e.g., neutrophils could be selectively removed from BAL suspensions collected 

during ARDS so as to analyze only macrophages). These techniques would be especially 

useful when studying specific cell types in the context of acute and chronic lung injuries 

where BAL cell populations are typically a mixture of different immune cells (e.g., 

macrophages, neutrophils, eosinophils, etc.) 

Some additional examples of where this technology may prove especially useful 

are in the study of atherosclerosis (involving cholesterol crystal-laden macrophages in 

atherosclerotic plaques) and idiopathic pulmonary fibrosis (involving “foamy” lipid-laden 

macrophages in the lung). In the case of idiopathic pulmonary fibrosis, the underlying 

cause of the chronic inflammatory lung injury is unknown but lipid-laden macrophages 

are almost always observed(24, 25). Based on what is known regarding amiodarone-

induced phospholipidosis, it is reasonable to hypothesize the presence of unknown 

xenobiotic material that has been sequestered within alveolar macrophages and is 

contributing to progression of the disease. As demonstrated in Chapter 5, ultraquantitative 

Raman spectral cytometry can detect – and therefore potentially screen for – unknown 

chemical compounds that accumulate in these cells. This illustrates one example of this 

technology’s biomedical potential in the pulmonary critical care setting. Beyond this, 

quantitative characterization of the macrophage-mucociliary clearance complex and its 

physiological limitations may be a viable long-term goal. Automation of micro-Raman 

instruments is being explored by certain groups already (19, 20). Harmonizing an 

automated high-throughput screening platform with the ultraquantitative micro-calibration 

approach would enable analytical validation of quantitative approaches and large-scale 

screening of human cell populations to generate massive Ramanomic datasets and 

extract the wealth of valuable information contained within. 
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7.3 Broader Implications 

The true fathomable potential of this technique lies in the analysis of clinical 

biospecimens acquired from humans. When it comes to studying the effects of cellular 

bioaccumulation on human health, it is most relevant to directly (and non-destructively) 

measure what and how much is present in the samples of interest. By probing into the 

single-cell realm and analyzing the absolute composition of human cells, we may 

quantitatively elucidate an absolute baseline cytometric profile of idealized health, relating 

cellular cargo loading to the health status of each individual patient. Using quantitative 

micro-calibration standards, Raman measurements could be harmonized, effectively 

enabling quantitative characterization of interindividual variability, potentially on a global 

scale. Environmental and lifestyle factors, hypothesized to play important roles in overall 

health, could thereby be related to the absolute baseline cytometric profile of idealized 

health. As modern humans in advanced technological societies, we are exposed to a 

plethora of xenobiotic material; from pharmaceuticals to food additives, exhaust fumes to 

dust particles, microcrystals to microplastics: these ingested materials are foreign and 

must therefore be cleared from the body before levels accumulate beyond a toxicity 

threshold. We are the conscious caretakers of this world, but before we can take care of 

the world, we must learn to take care of ourselves. As we move toward a future fraught 

with widespread drug use and greater overall exposure to xenobiotic materials, there 

exists an increasing need for the analysis of our absolute (bio)chemical composition to 

establish a reliable baseline profile for the idealized healthy individual. 
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