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Abstract

The clinical implantation of bioengineered tissues requires an in situ nondestructive evaluation 

of the quality of tissue constructs developed in vitro before transplantation. Time-resolved laser-

induced fluorescence spectroscopy (TR-LIFS) is demonstrated here to noninvasively monitor the 

formation of osteogenic extracellular matrix (ECM) produced by putative stem cells (PLA cells) 

derived from human adipose tissue. We show that this optical spectroscopy technique can assess 

the relative expression of collagens (types I, III, IV, and V) within newly forming osteogenic 

ECM. The results are consistent with those obtained by conventional histochemical techniques 

(immunofluorescence and Western blot) and demonstrate that TR-LIFS is a potential tool for 

monitoring the expression of distinct collagen types and the formation of collagen cross-links in 

intact tissue constructs.

INTRODUCTION

As tissue engineering becomes a clinical reality, novel means of evaluating tissue constructs 

before transplantation that are noninvasive, and nondestructive, become essential. These are 

important for tissue-engineering development and application because traditional methods 

of evaluation require fixation, serial sectioning, histology, and/or immunocytochemistry, 

methods that are inherently invasive and injurious. Although revealing information about 

the molecular changes taking place in bioengineered tissues, they are clinically restrictive 

because of construct damage, rendering them unsuitable for patient utilization. We report 

here a nondestructive, noninvasive methodology, and demonstrate that time-resolved 

(lifetime) laser-induced fluorescence spectroscopy (TR-LIFS) could provide such a critical 

and desirous technique. This optical methodology is demonstrated to monitor the evolution 
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of osteogenic differentiation and thus is an important potential tool for the in situ, 

nonintrusive, and nondestructive evaluation of bioengineered tissues.

Fluorescence spectroscopy has been successfully applied, both at research and clinical 

levels, to the detection of pathologic and physiological transformations of biological 

tissues (neoplasia, dermal lesions, and atherosclerosic plaques).1–8 Tissue fluorescence 

originates from several endogenous fluorescent biomolecules (fluorophores) including 

structural proteins (elastin, collagen), amino acids (tryptophan, tyrosine, and phenylalanine), 

porphyrins, and enzyme cofactors (NADH and FAD).1,2,6,9 The fluorescence emission 

of these fluorophores has been investigated both in vitro and in vivo.1–10 Pathologic, 

physiologic, and metabolic transformations result in associate modifications at the molecular 

level, including the deposition and/or alteration of native tissue fluorophores. The composite 

fluorescence pattern of a tissue reflects the relative contribution of individual fluorophores, 

thus fluorescence features can be correlated with the biochemical composition of the tissue 

and the associated pathological or physiological conditions. Time-resolved information 

improves the specificity of fluorescence measurements and currently is used for the 

diagnosis of cancer and staging of atherosclerotic plaques.4,11–13

As osteogenic tissue develops, the tissue undergoes an ordered series of events, 

namely osteoblast proliferation, matrix synthesis, maturation, and ultimately matrix 

mineralization.14 The final stages of development are defined by the biosynthesis and 

organization of the bone extracellular matrix (ECM), containing predominantly collagen 

type I, with trace amounts of type III and V collagens depending on developmental 

stage.14–20 Monitoring osteogenic differentiation at these stages is essential because 

bioengineered bone constructs must achieve functional maturity before implantation.

Conventional methods of assessing osteogenic differentiation include assaying for collagen 

type I content and/or the ratio of collagen I to other collagen subtypes. This is important for 

our study because the information about extracellular matrix protein expression inferred 

using conventional techniques of immunofluorescence (IF), immunohistochemistry, and 

Western blot analysis can be contrasted against a spectroscopic assessment of tissue collagen

—which is one of the most fluorescent biomolecules in tissue.21–28 The present study sought 

to determine the feasibility of TR-LIFS to determine the changes in collagen expression 

within an osteogenic matrix produced by a population of putative stem cells derived 

from human adipose tissue (termed processed lipoaspirate [PLA] cells29–31). The results 

of this work show the potential of TR-LIFS for noninvasively analyzing the quality of 

tissue-engineered bone constructs before patient implantation.

MATERIALS AND METHODS

Osteogenic differentiation of human PLA cells

All studies involving human subjects were approved by the University of California, 

Los Angeles (UCLA) Institutional Review Board (HSPC 98-08-011-04). Informed written 

consent was acquired from each patient before the procedure. PLA cells, derived from 

human lipoaspirates (n = 3; ages, 34–39 years) were isolated and cultured in control medium 

(CM) (Table 1).29 To induce osteogenesis, cells were grown to 70–80% confluency and 
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cultured in osteogenic medium (OM) for 3, 5, and 7 weeks. To confirm osteogenesis, PLA 

samples were analyzed by histochemical staining for alkaline phosphatase (AP) activity and 

matrix calcification (von Kossa stain) as described elsewhere.29 In addition, samples were 

analyzed by conventional reverse transcription-polymerase chain reaction (RT-PCR), using 

primer sets to the osteogenic genes encoding osteopontin, osteonectin, osteocalcin, CBFA-1, 

and alkaline phosphatase (Table 2).31 Duplicate PCRs for β-actin were used as an internal 

control. A human osteoblast cell line (NHOst cells; Cambrex Bio Science Walkersville, 

Walkersville, MD) served as a positive control and PLA cells cultured in CM were a 

negative control.

Indirect immunofluorescence

Control and induced PLA cells (5 weeks) were processed for IF on the basis of a previous 

study.31 The antibodies used are outlined in Table 3: nuclei were visualized using 4′,6-

diamidino-2-phenylindole (DAPI) under a UV filter (VectaShield; Vector Laboratories, 

Burlingame, CA). Fluorescent and UV images were acquired with a SPOT-2 digital camera 

(Diagnostic Instruments, Sterling Heights, MI) and combined.

Western blot analysis

To initially quantify changes in PLA collagen synthesis, Western blotting was performed 

as described elsewhere.30 Briefly, control and osteo-induced PLA samples were resolved 

on 10% sodium dodecyl sulfate (SDS)–polyacrylamide gels (Bio-Rad, Hercules, CA) and 

transferred to polyvinylidene difluoride (PVDF) membranes by conventional techniques. 

Membranes were probed for collagen I, III, IV, and V (Table 3) as described in a 

previous study.31 Equivalent loading was confirmed by expression of a-actin (Santa 

Cruz Biotechnology, Santa Cruz, CA). Collagen expression levels were determined by 

densitometry and normalized to α-actin levels. Statistical comparisons were made by 

Student t test (paired) with significance at p ≤ 0.05.

TR-LIFS instrumentation, spectroscopic measurements, and data analysis

To analyze the collagen composition of the osteogenic PLA samples, cells and matrices from 

each differentiation time point were harvested and investigated with a prototype TR-LIFS 

apparatus. The experimental setup used a fast digitizer and gated detection and was similar 

to that previously described.12,13,27,28 The light from a pulsed nitrogen laser (wavelength, 

337.1 nm; repetition rate, 10 Hz) was focused onto the aperture of a fiber optic probe 

(UV-grade silica fiber; core diameter, 600 μm; NA, 0.22) and directed onto the sample 

from above (spot diameter, 1.5 mm; pulse width measured at the tip of the fiber, 3 ns 

full width at half maximum). The resulting fluorescence emission was collected by a fiber 

optic bundle (ring of 18 collection fibers of 200-μm core size), focused into a scanning 

monochromator, and detected by a gated multichannel plate photomultiplier tube (rise time, 

0.3 ns) placed at the monochromator exit slit. The photomultiplier output was amplified (rise 

time, 0.35 ns; bandwidth, 1 GHz) and the entire fluorescent pulse from a single excitation 

laser pulse was recorded with a digital oscilloscope (bandwidth, 1 GHz; sampling frequency, 

5 gigasamples/s).
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The fluorescence emission of each sample was scanned in the 360- to 510-nm range at 

5-nm intervals. The energy output of the laser was adjusted to 1 μJ/pulse (i.e., total energy 

delivered,< 1.2 mJ/mm2 per 250-s measurement). The time-integrated fluorescence (spectra 

emission) was computed from the measured fluorescence response pulses by integrating 

each pulse as a function of time for each wavelength. The constructed fluorescence 

spectra were corrected for background noise and normalized by dividing the fluorescence 

intensity at each emission wavelength by the peak fluorescence intensity. The time-resolved 

fluorescence (fluorescence decay) was analyzed by least-squares minimization of the 

weighted sum of the residuals.27 A biexponential fit resulted in a trendless residual and 

a significant decrease in the residual sum of squares:

If t = a1e−t/τ1 + a2e−t/τ2

The parameters τ1 and τ2 represent the fast and slow decay constants, respectively. The ratio 

A1 = a1/(a1 + a2) represents the fractional contribution of the fast-term component to the 

fluorescence impulse response function. Differences among sample means were assessed 

with a post hoc comparison test (Student–Newman–Keuls). All TR-LIFS data are reported 

as means ± SE with the level of significance at p ≤ 0.05.

In addition, spectroscopic measurements were recorded from five distinct collagen types: 

CNI from bovine Achilles tendon; CNI from calf skin; and CNIII, CNIV, and CNV from 

human placenta (Sigma, St. Louis, MO). Each sample (in powder dry form) was analyzed by 

TR-LIFS as described for PLA cells.

RESULTS

Analysis of in vitro human bone formation, using PLA cells

PLA cells have been identified in our laboratory and shown to have the potential 

to differentiate in vitro into the adipogenic, chondrogenic, osteogenic, and myogenic 

lineages.29–31 Consistent with this work, PLA cells and NHOst positive controls cultured in 

osteogenic medium (OM) for up to 7 weeks produced a dense matrix that stained positively 

for alkaline phosphatase (AP) activity and matrix calcification in as few as 3 weeks of 

differentiation (Fig. 1A). Negligible staining for both AP activity and matrix calcium was 

observed in negative controls.

In addition, RT-PCR analysis confirmed the expression of multiple genes consistent with the 

osteogenic phenotype in induced PLA cells, including osteopontin (OP), osteonectin (ON), 

AP, and core-binding factor α-1 (CBFA-1) (Fig. 1B). The gene for the bone-specific marker 

osteocalcin was also detected in osteoinduced PLA cells. Taken together, the data indicate 

PLA osteogenic potential.

Detection of collagen expression: immunofluorescence and Western blot analysis

PLA cells were analyzed for the expression of multiple collagens before TR-LIFS analysis. 

Nondifferentiated human PLA cells expressed CNI, CNIII, CNIV, and CNV. CNI was 

observed in both the cytoplasm and in extracellular fibrillar extensions (Fig. 2A). CNIII was 
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confined to the perinuclear cytoplasm and no extracellular fiber formation was observed 

(Fig. 2B). Significant expression of CNIV and CNV was detected extracellularly, consistent 

with its role in the basement membrane, although a low level of intracellular CNIV 

expression was detected (Fig. 2C and D). Substantial collagen expression was detected after 

5 weeks of osteogenic induction of PLA samples. Whereas both CNI and CNIV expression 

patterns were unchanged, differences in CNIII and CNV patterns were noted. In contrast 

to noninduced cells, both intracellular and extracellular deposition of CNIII was observed 

in induced PLA samples. In addition, a decrease in CNV expression was observed in 

osteoinduced samples. Although IF analysis revealed collagen expression and localization, 

no significant difference in collagen expression levels could be discerned between the 

control and induced PLA samples, using this method.

To more quantitatively determine collagen expression on osteogenesis, PLA samples were 

analyzed by immunoblotting. The Western data correlated with the IF data, confirming that 

both nondifferentiated and induced PLA cells synthesize CNI, CNIII, CNIV, and CNV (Fig. 

3). Increased expression of all collagen types was measured in osteoinduced PLA samples 

after 3 weeks. Specifically, significant increases (p ≤ 0.05) in CNI expression were restricted 

to between 3 and 5 weeks of differentiation, with no statistically significant change detected 

between the 5- and 7-week samples. Although a general trend for increased expression of 

CNIII, CNIV, and CNV was observed in osteoinduced PLA samples, the differences were 

not statistically significant.

Laser-induced fluorescence spectroscopy

Fluorescence emission spectra of nondifferentiated PLA cells, reconstructed by integration 

of the time-resolved decays along the time dimension, demonstrated broad emission with 

a peak at approximately 430 nm. The spectra of samples differentiated for 3, 5, and 7 

weeks were similar to those of nondifferentiated samples, albeit with a slight red shift 

of the peak emission (Fig. 4A). These trends suggest that the fluorescence emission of 

both differentiated and control PLA sample originates from fluorophores with overlapping 

spectral emission.

Fluorescence emission was characterized by fast radiative lifetimes on the order of a few 

nanoseconds. For instance, the emission at 430 nm decayed to 5% of its maximum intensity 

in about 6 ns for nondifferentiated PLA samples and at a slightly slower rate (7 ns) for 

the 5- to 7-week osteogenic samples. The biexponential approximation of the fluorescence 

decay revealed that the decay constants (τ1, τ2, A1) varied with the number of weeks 

of differentiation and with emission wavelength (Fig. 4C and D). The fast time decay 

constant at 430 nm (τ1) increased on osteogenic differentiation (control samples, 0.2 ± 

0.1 ns; versus 5- and 7-week osteogenic samples, 0.8 ± 0.1 ns). An opposite trend was 

exhibited by the slow time decay constant (τ2), which decreased from about 7 to 5 ns after 

5 weeks of osteoinduction. The fast-decay component, τ1, dominated the overall decay. 

The fractional contribution of the fast-decay component, A1, was greater than 0.95 for the 

nondifferentiated PLA samples and approximately 0.8 for the 3-, 5-, and 7-week osteogenic 

samples. The decay constants for the nondifferentiated and 3-week PLA samples varied 

significantly with emission wavelength. In contrast, the decay constants for the 5- and 
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7-week samples were nearly constant along the emission spectra. The decay constant values 

retrieved from PLA samples measured at 3 weeks showed significant variability between the 

three samples, whereas those retrieved from 5- and 7-week samples demonstrated similar 

characteristics among samples. Overall, the dynamics of the fluorescence decay of PLA 

samples varied with the time course of differentiation, from control to 7 weeks. However, the 

decay characteristics of 5- and 7-week osteogenic samples were similar, suggesting similar 

biochemical makeup for PLA cells differentiated for more than 3 weeks.

To confirm TR-LIFS analysis of the collagen composition of osteoinduced PLA samples, the 

fluorescence emission spectra of purified samples of CNI from calf skin, CNIII, CNIV, and 

CNIV (obtained commercially) were analyzed in the same fashion. Representative data are 

summarized in Table 4 and Fig. 5. A detailed description of the collagen time-resolved 

fluorescence data was previously reported by Marcu et al.28 CNI from calf skin, and 

CNIV and CNV from placenta, all exhibited similar spectra and a short-lived fluorescence 

emission. The fast-decay component, τ1, was nearly constant (~0.9 ns) along the emission 

spectrum whereas the slow-decay component, τ2, increased slightly as a function of 

emission wavelength from 360 nm (~4.5 ns) to 510 nm (~6 ns). In contrast, a blue-shifted 

peak and a long-lived fluorescence emission characterized CNIII and CNI from bovine 

Achilles tendon (Table 4; and Ref. 28). For CNIII both fast- and slow-decay components 

were nearly constant along the emission spectrum (τ1, ~1.2 ns; τ2, ~6.8 ns), whereas for 

CNI the fluorescence decay characteristics are wavelength dependent (lower time decay 

values at wavelengths above 430 nm). In addition, the fluorescence emission of CNI was 

characterized by a narrow emission. The spectral emission characteristics of CNI and CNIII 

investigated in the present study are in agreement with those described in early studies 

that used near-UV excitation wavelengths.5,10,27,32–34 The distinct fluorescent signature (in 

both the spectral and time domains) observed between skin CNI and tendon CNI was 

likely a result of their different fluorescent cross-links.22,23,28 Similarities in emission 

spectra were observed between the commercial CNI samples and the osteoinduced PLA 

samples, indicating the presence of CNI within the PLA matrix and confirming the IF and 

Western data. Interestingly, fluorescence emission spectra of the osteoinduced PLA samples 

resembled that of skin CNI rather than tendon CNI, suggesting a similar biochemical 

composition.

DISCUSSION

In this study, we assessed the applicability of TR-LIFS to analyze nondestructively an 

osteogenic matrix produced by a novel population of stem cells. This is important because 

adipose-derived PLA cells may be a readily available source of stem cells, capable 

of being harvested in large quantities. As shown by Zuk et al.29,31 and confirmed by 

Huang et al.35 and Halvorsen et al.,36 PLA cells possess multilineage potential, including 

osteogenic capacity. Specifically, PLA cells express significant levels of AP activity (a 

hallmark of preosteoblast matrix production by osteoblasts), undergo matrix calcification 

(a characteristic of the mature bone phenotype), and express multiple osteogenic genes 

and proteins.29,31,35 Consistent with these previous studies, we confirm that osteoinduced 

PLA cells exhibit a time-dependent increase in AP activity and matrix mineralization and 

express several osteogenic genes, including osteonectin, osteopontin, osteocalcin,37,38 and 
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CBFA-1.39–41 Moreover, using conventional methodologies for the analysis of collagen 

expression (IF and Western blotting) we demonstrate that both noninduced and differentiated 

PLA cells express CNI, CNIII, CNIV, and CNV collagens. However, only CNI exhibits 

a significant increase in synthesis over the 7 weeks of osteogenic differentiation. These 

results are consistent with studies of bone formation demonstrating that the basic building 

block of bone matrix is CNI, with trace amounts of CNIII and CNV present during certain 

stages of development.14,16,17,20The findings are also consistent with those of bone marrow 

mesenchymal stem cells (i.e., MSCs).42,43 The capacity of MSCs to produce multiple ECM 

proteins together with various cytokines and cell surface integrins attests to a dynamic 

function in the marrow environment.44 In this regard, PLA cells likely perform a similar 

multifactorial task in mature adipose tissue.

The fluorescence emission spectra of osteogenic PLA cells (Fig. 4A) are similar to 

those measured from purified skin CNI samples and from placental CNIV and CNV 

(broad fluorescence emission peaking at 420–430 nm). These data are supported by the 

Western data and suggest that the fluorescence emission of osteogenic PLA cells originates 

primarily from the CNI (skin-type cross-links), CNIV, and/or CNV collagen fluorescence 

signature. However, further analysis by TR-LIFS suggests that the fluorescent signature of 

osteoinduced PLA cells may be due primarily to the presence of CNI (Table 4 and Figs. 4 

and 5).

Whereas the peak emission spectra of osteogenic PLA samples do not change significantly 

as a function of differentiation time, the fluorescence decay dynamics, as characterized by 

the time decay constants τ1 and τ2, vary from nondifferentiated cells (week 0) to week 7 of 

differentiation, specifically changing after week 3. This trend is supported by the significant 

increase in collagen expression by PLA cells between 3 and 5 weeks of differentiation.

The fluorescence decay features of the 5- and 7-week osteogenic PLA samples resemble 

purified calf skin CNI and suggest that the time-resolved fluorescence data of PLA samples 

represent CNI overexpression after 3 weeks (Table 4; and Ref. 28). Although type IV and 

V collagens (with fast decay characteristics similar to type I skin collagen) are also likely 

to contribute to the overall fluorescence emission of the osteogenic PLA samples, they are 

unlikely to contribute to the change in fluorescence dynamics after 3 weeks. In support 

of this, no significant change in the amount of type IV and V collagen expression was 

observed during differentiation. It is essential to note that although both steady state and 

time-resolved fluorescence indicate CNI (calf skin), CNIV, and CNV as main contributors 

to overall fluorescence, only the time-resolved information allows monitoring of the relative 

expression of collagen over time. Moreover, the time domain information demonstrates that 

CNIII and tendon CNI molecules, possessing long-lived fluorescence, contribute minimally 

to PLA sample fluorescence.

It is noteworthy that because time-resolved information produced a clear distinction between 

CNI in skin and in tendon, this study demonstrates that TR-LIFS is capable not only 

of detecting a significant increase in the synthesis and deposition of collagens within 

the ECM of osteoinduced PLA samples, but also of providing information regarding 

the nature of collagen cross-links. Collagen fluorescence on ultraviolet light excitation 
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originates from several fluorescent chromophores including amino acids (e.g., tyrosine and 

phenylalanine) and cross-links (e.g., pyridinoline and pentosidine).21–28,45–47 Collagens 

from various tissues are well known to exhibit age-related fluorescence at 380–460 nm 

(absorption spectra at 335–400 nm).26 Thus the synthesis, posttranslational modification, or 

age-related changes of collagen cross-links would be reflected in the collagen fluorescence. 

These transformations play a critical role in collagen function in tissues. The ability 

of TR-LIFS to detect distinct collagen cross-links would supersede the information 

obtained by conventional methods and provide another advantage for its utilization. Further 

investigations are necessary to translate the fluorescence emission of specific collagen cross-

links to distinct stages of osteogenic differentiation.

In summary, by evaluating the changes in the collagen expression within tissue sources, one 

can extract information regarding the status of tissue development. Our results demonstrate 

that TR-LIFS provides a nondestructive approach for monitoring the expression of distinct 

collagen types and the formation of collagen cross-links. Although the present work is 

focused on osteogenic differentiation and suggests TR-LIFS as a noninvasive analysis of 

tissue-engineered bone constructs, this study also represents a paradigm for the application 

of this technology to other tissue systems, such as type II collagen expression during 

chondrogenesis. As future research elucidates the temporal relationship of the diverse array 

of collagen to the functional status of mature bone and/or pathologic states, the potential 

ability of TR-LIFS to detect these alterations in a noninvasive, nonintrusive manner will 

provide an invaluable tool.
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FIG. 1. 
PLA cells possess osteogenic capacity. (A) Human PLA cells induced with osteogenic 

medium (Induced PLA) for 3 weeks were stained for AP activity (AP, dark gray) and 

matrix mineralization (VK, black staining). A human osteoblast cell line (NHOst) served 

as a positive control. Original magnification, ×200. (B) PLA cells cultured in OM for 3 

weeks (Induced PLA) were analyzed by RT-PCR for the expression of osteocalcin (OC), 

osteopontin (OP), osteonectin (ON), core-binding factor 1 (Cbfa-1), and AP.
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FIG. 2. 
PLA collagen expression: Immunofluorescence (IF) detection. PLA cells maintained in 

control medium (CM) and OM for 5 weeks were analyzed by IF for the expression of CNI 

(A), CNIII (B), CNIV (C), and CNV (D). Samples were costained with DAPI to visualize 

nuclei (blue) and the images were combined. Original magnification, ×400.
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FIG. 3. 
PLA collagen expression: Western blot analysis. PLA cells maintained in CM and induced 

in OM for 3, 5, and 7 weeks were analyzed for CNI, CNIII, CNIV, and CNV expression by 

conventional immunoblotting. Collagen expression levels were determined by densitometry 

and normalized to α-actin levels. Values were expressed as the relative amount of collagen 

expression (in arbitrary units, au) with respect to treatment time (observation period).
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FIG. 4. 
Time-resolved laser-induced fluorescence spectroscopy analysis of PLA cells. Control 

and osteoinduced (3, 5, and 7 weeks) samples were analyzed by TR-LIFS. (A) Mean 

values for the florescence emission spectra measured (n = 3). (B) Fluorescence emission 

response at 430 nm for week 7 (measured and reconstructed fluorescence pulses). 

Residuals and autocorrelation of the residuals (95% confidence interval). (C) Time-resolved 

decay constants along fluorescence emission spectra. Top: Fast-decay time constant (solid 

symbols), slow-decay time constants (open symbols). Bottom: Fractional contribution of the 

fast-decay time component A1. Mean values for three patients. (D) Time-resolved decay 

constant—changes as a function of the period of differentiation at three wavelengths of 

emission (380 nm, blue-shifted range; 430 nm, peak emission range; 470 nm, red-shifted 

range). Top: Fast-decay time constant (solid symbols), slow-decay time constants (open 

symbols). Bottom: Fractional contribution of the fast-decay time component A1. Values 

represent means ± SE for the PLA samples obtained from three patients.
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FIG. 5. 
Fluorescence emission spectra of commercial collagen types. Commercial samples of CNI 

from bovine Achilles tendon (BAT) and calf skin (CS), and placental collagens CNIII, 

CNIV, and CNV were analyzed by TR-LIFS as described for PLA samples.
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