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Results There was a linear relationship between TSC 
clearance and encapsulated doxorubicin clearance 
(R2 = 0.61, p = 0.02), particularly in patients receiving 
PLD alone (R2 = 0.81, p = 0.04). There was a positive 
relationship (ρ = 0.81, p = 0.01) between maximum grade 
palmar-plantar erythrodysesthesia toxicity developed and 
estimated encapsulated doxorubicin concentration in hands.
Conclusions TSC is a phenotypic probe for PLD phar-
macokinetics and pharmacodynamics and may be used to 
individualize PLD therapy in ovarian cancer and for other 
nanoparticles in development.

Keywords Pharmacokinetics · Pharmacodynamics · 
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Abstract 
Purpose Significant variability in the pharmacokinetics 
and pharmacodynamics of PEGylated liposomal doxoru-
bicin (PLD) exists. PLD undergoes clearance via the mono-
nuclear phagocyte system (MPS). Technetium Tc 99m sul-
fur colloid (TSC) is approved for imaging MPS cells. We 
investigated TSC as a phenotypic probe of PLD pharma-
cokinetics and pharmacodynamics in women with epithe-
lial ovarian cancer.
Methods TSC 10 mCi IVP was administered and fol-
lowed by dynamic planar and SPECT/CT imaging and 
blood pharmacokinetics sampling. PLD 30–40 mg/m2 IV 
was administered with or without carboplatin, followed by 
plasma pharmacokinetics sampling.

Hugh Giovinazzo and Parag Kumar are co-primary authors.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00280-015-2945-y) contains supplementary 
material, which is available to authorized users.

 * William C. Zamboni 
 zamboni@email.unc.edu

1 Division of Pharmacotherapy and Experimental Therapeutics, 
University of North Carolina at Chapel Hill-Eshelman 
School of Pharmacy, 120 Mason Farm Road, Suite 1013, CB 
7361, Chapel Hill, NC 27599-7361, USA

2 Department of Pharmacology and Molecular Sciences, Johns 
Hopkins School of Medicine, 725 N. Wolfe St., Baltimore, 
MD 21205, USA

3 Clinical Pharmacokinetics Research Laboratory, National 
Institutes of Health, Clinical Center Pharmacy Department, 
10 Center Drive Bldg. 10, 1C-240G, Bethesda, MD 20892, 
USA

4 UNC School of Medicine, 321 S. Columbia St., Chapel Hill, 
NC 27599, USA

5 Division of Gynecologic Oncology, Department of Obstetrics 
and Gynecology, UNC Lineberger Comprehensive Cancer 
Center, 103B Physicians’ Office Building CB# 7572, Chapel 
Hill, NC 27599, USA

6 UNC Lineberger Comprehensive Cancer Center, 101 
Manning Drive, Chapel Hill, NC 27514, USA

7 Department of Mathematics, Carlow University, Pittsburgh, 
PA, USA

8 UNC Institute for Pharmacogenomics and Individualized 
Therapy, 120 Mason Farm Road, Chapel Hill, NC 27599, 
USA

9 Carolina Center of Cancer Nanotechnology Excellence, 1079 
Genetic Medicine Building, Chapel Hill, NC 27599, USA

10 North Carolina Biomedical Innovation Network, 013 Genetic 
Medicine Building CB#7361, Chapel Hill, NC 27599, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-015-2945-y&domain=pdf
http://dx.doi.org/10.1007/s00280-015-2945-y


566 Cancer Chemother Pharmacol (2016) 77:565–573

1 3

Introduction

Doxil® is a commercially available formulation of doxo-
rubicin encapsulated within a liposome with polyethyl-
ene glycol (PEG) molecules conjugated to the surface 
[1]. Doxil®, or PEGylated liposomal doxorubicin (PLD), 
is used clinically for the treatment of refractory epithelial 
ovarian cancer (EOC), multiple myeloma, AIDS-related 
Kaposi sarcoma, breast cancer, and various other malig-
nancies. Delivering small molecule agents in liposomes 
modifies the pharmacokinetic (PK) and pharmacodynamic 
(PD) characteristics of the agent [2–4]. PLD has a longer 
plasma half-life (t1/2) (>14-fold), larger area under the con-
centration–time curve (AUC) (>30,000-fold), and a smaller 
volume of distribution (Vd) (~1800-fold) compared with 
non-liposomal, small molecule doxorubicin [5–7]. These 
characteristics may improve efficacy and explain PLD’s 
altered toxicity profile [i.e., reduced cardiotoxicity and 
development of palmar-plantar erythrodysesthesia (PPE)]. 
Non-PEGylated liposomal agents are rapidly cleared by the 
mononuclear phagocyte system (MPS), consisting primar-
ily of monocytes and macrophages in the blood, liver, and 
spleen. Newer liposomal agents, such as PLD, are formu-
lated with lipids conjugated to PEG, which reduces recog-
nition by the MPS and prolongs circulation and exposure 
to these agents [2, 5–7]. However, PEG liposomes are still 
cleared via uptake by the MPS.

A phenotypic probe is a test that can be administered 
to a patient as a potential indicator of a drug’s PK or PD, 
which can then be used to individualize therapy [8]. Tech-
netium Tc 99m sulfur colloid injection (TSC) is a radioac-
tive colloidal dispersion of Tc2S7 incorporated into sulfur 
particles [9]. TSC is approved by the FDA for imaging the 
liver, spleen, and bone marrow. Tc(99m) decays with a t1/2 
of ~6 h. After intravenous injection, TSC clears from the 
vasculature by phagocytosis via MPS cells, distribution to 
second and third compartments (e.g., tissues, ascites, and 
pleural effusion), and other potential pathways with an 
elimination t1/2 of ~2.5 min [9–11]. In a healthy individual, 
80–90 % of the TSC dose is rapidly localized in the liver 
and 4–8 % in the spleen [12]. Uptake of TSC in liver and 
spleen reflects both the distribution and presence of func-
tioning MPS cells in these organs and the extent of hepatic 
and splenic blood flow [13].

The assessment of radiopharmaceutical agents as phe-
notypic probes for the PK and PD of therapeutic agents 
has been successfully deployed in various clinical trials 
with relatively small cohorts. Koukourakis et al. [14] for-
mulated Tc(99m)-radiolabelled liposomal doxorubicin and 

demonstrated increased accumulation in a cohort of 10 
patients with metastatic brain tumors and 5 patients with 
glioblastoma. In addition, radiopharmaceuticals can be 
used as a theranostic agent, as demonstrated by Stopar et al. 
[15] where 10 patients with B cell non-Hodgkin’s lym-
phoma were given Tc(99m)-labeled rituximab. The results 
from this trial demonstrated that the Tc(99m)-labeled ritux-
imab accumulated in CT-confirmed CD20 + NHL sites. 
Furthermore, the hepatobiliary imaging agent Tc(99m) 
mebrofenin was used by Pfeifer et al. [16] to develop a 
semi-physiologically based PK model for the transporter-
mediated drug–drug interactions due to orally administered 
ritonavir in 8 and 10 healthy volunteers.

The decreased cardiotoxicity profile of PLD is thought 
to be due to the decreased distribution of doxorubicin to the 
heart [5–7, 17, 18]. While cardiotoxicity is decreased, new 
toxicities may arise when compared to conventional doxo-
rubicin [19–21]. The most predominant of these is palmar-
plantar erythrodysesthesia (PPE), also known as hand-foot 
syndrome [20, 22–24]. PPE is characterized by erythema, 
swelling, tenderness, and pain with associated peeling, blis-
tering, and ulceration on the palms of hands and soles of 
the feet. The exact mechanisms and risk factors associated 
with PPE are unknown. However, several pathophysiologi-
cal mechanisms have been suggested. These include higher 
susceptibility of keratinocytes due to high turnover rate, 
anatomic differences such as high density of sweat glands 
and thicker stratum corneum, physical friction or trauma 
resulting in extensive capillary blood flow, immune-medi-
ated inflammatory reactions, and metal ions in the skin 
contributing to increased production of free radicals in the 
presence of PLD [25, 26]. Additional risk factors for the 
development of PPE include increased dose, frequency, and 
prolonged drug circulation of anthracyclines, which con-
tribute to increased drug accumulation in cutaneous tissues 
[27].

Liposomal agents have been shown to have significantly 
greater PK variability than small molecule, non-liposomal 
agents [28]. PLD has high and clinically relevant interpa-
tient PK variability, which may be related to variability in 
patients’ MPS function [28–30]. In theory, the interpatient 
variability in MPS function and PLD PK may be a major 
factor responsible for variability in the PD (efficacy and 
toxicity) observed with PLD. Thus, there is a need to iden-
tify, profile, and phenotypically measure the factors associ-
ated with this variability [31]. This is the first study to eval-
uate the use of TSC as a phenotypic probe for the PK and 
PD disposition of any nanoparticle agent and specifically 
for PLD in patients with EOC.
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Materials and methods

Patient eligibility

Women ≥18 years of age receiving PLD ± carboplatin for 
EOC treatment were eligible. Exclusion criteria consisted 
of women who were pregnant or breast-feeding. This study 
was approved by the University of North Carolina Institu-
tional Review Board, and all patients were provided written 
informed consent prior to enrollment.

TSC imaging and PK studies

TSC administration, imaging, and PK studies were completed 
prior to administration of PLD ± carboplatin as part of stand-
ard clinical treatment for EOC. On day 7 to 1 before cycle 
1 day 1 of PLD therapy, TSC was administered at 10 mCi 
IV push × 1. Blood samples (3 mL) were collected prior to 
administration, and at 2, 5, 10, 15, 30, and 60 min after TSC. 
The activity of TSC in blood was measured using a gamma 
scintillation well counter within 2 h of sample collection [13]. 
The decay-corrected samples were recorded as counts per min-
ute (CPM) using a Caprac-R Well Counter (Capintec, Inc.).

Anterior and posterior images of the liver and spleen 
were obtained every 10 s for 10 min after TSC. Hand 
images were taken at a single imaging time point within 
10 min after the end of the serial liver and spleen images. 
The geometric means of the counts recorded in the anterior 
and posterior images of the liver, spleen, and hands were 
calculated at each image time point (Siemens Software 
Inc.). SPECT imaging was then obtained along with low-
dose, non-contrasted transmission axial CT images over the 
same region for the purpose of anatomic localization (Sie-
mens Symbia T6 SPECT-CT system) [32]. Liver, spleen, 
and hand scintigraphic volumes were obtained by draw-
ing and region of interest (ROI) off the SPECT images, 
and the geometric mean count divided by this volume was 
used to quantify the concentration of TSC in the ROI on the 
SPECT-CT images.

PLD dose and administration

PLD was administered as an IV infusion over 1–2 h every 
28 days at a dose of 40 mg/m2 in patients receiving PLD 
alone or 30 mg/m2 in patients receiving concurrent carbo-
platin (AUC = 5 mg/mL/min). Regimen selection was not 
altered for the purpose of this study.

PLD PK studies

For PK studies of PLD, serial blood samples (5 mL) were 
obtained prior to PLD administration, at the end of infu-
sion, and at 2 h, 6 h, 24 h, 48 h, 72 h, 96 h, 168 h, and on 

day 28 after cycle 1 of PLD therapy. Plasma was processed 
to measure encapsulated and released doxorubicin using 
solid-phase separation and HPLC with fluorescence detec-
tion as previously described [33–35].

PK analyses

PK parameters of area under the plasma concentration ver-
sus time curve (AUC), clearance (CL), half-life (t1/2), and 
volume of distribution (Vd) for TSC in blood, liposomal 
encapsulated doxorubicin in plasma, and released doxoru-
bicin in plasma were calculated using non-compartmental 
methods (Phoenix WinNonlin® v. 6·02, Pharsight Corp). 
AUC was computed via the “linear-up-log-down trap-
ezoidal” rule, and CL of TSC and PLD in the blood was 
calculated by the equation CL = Dose/AUC. The relation-
ship between CL of TSC in blood and PLD in plasma was 
evaluated.

Patient toxicity assessment

PPE toxicity was assessed throughout the entire duration of 
PLD therapy cycles for each patient. The grade of PPE tox-
icity was determined by the principle investigator using the 
National Cancer Institute’s Common Terminology Criteria 
for Adverse Events (v4·03).

Sample size calculations and statistical analysis

Sample size calculations were performed using SAS Power 
and Sample Size 3.1. The primary outcomes were clear-
ance and toxicity. Sample size was determined based on a 
two-sided 0.05 level Fisher’s z test for a Pearson correlation 
coefficient of 0.80. Power was set at 80, 85, and 90 %. The 
corresponding sample sizes were 8, 9, and 10, respectively.

Linear regression analysis was used to test the statistical 
significance of the correlative relationship between PLD 
plasma clearance and TSC blood clearance. Spearman’s 
correlation (SC) analysis was used to test the statistical 
significance of the correlation between estimated PLD con-
centrations in hands and maximum grade of PPE toxicity 
developed.

Results

Patient demographics

Ten women were enrolled on this study. Six patients 
received PLD alone at a dose of 40 mg/m2, and four 
received PLD at a dose of 30 mg/m2 in combination with 
carboplatin. Baseline patient characteristics are included in 
Table 1. Complete TSC and PLD PK data were available 
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for all patients with the exception of two patients where 
PLD PK samples were not obtained on days 8 and/or 28. 
A summary of PK parameters of TSC in blood and PK 
parameters for encapsulated and released doxorubicin in 
plasma is included in Table 2. Additionally, one patient was 
not included in the PPE toxicity analysis because TSC hand 
images were unsuccessfully captured due to equipment 
error.

TSC pharmacokinetics

The concentration versus time profiles of TSC in blood, 
liver, spleen, and hands are presented in Fig. 1a–d. TSC 
radioactivity versus time profiles in blood demonstrated a 
rapid decrease in radioactivity concentration in the blood 
within approximately 1 h (Fig. 1a). TSC radioactivity 

versus time profiles in the liver, spleen, and hands demon-
strate rapid uptake of TSC and increases in radioactivity in 
the liver and spleen within 10 min (Fig. 1b, c). Mean TSC 
concentration in the liver was similar to mean concentra-
tion in spleen over the first 10 min post-TSC administra-
tion. The nearly equivalent concentration of TSC in the 
liver and spleen is consistent with the known biodistribu-
tion profile of TSC, as the volume of the spleen is roughly 
tenfold smaller than that of the liver and thus the amount 
of TSC distributed to the liver is approximately tenfold 
higher than to the spleen. There was significantly higher 
interpatient variability observed in the TSC concentration 
versus time profiles in spleen than in the liver. Interestingly, 
patients with higher liver TSC exposures did not demon-
strate higher spleen TSC exposures. TSC concentration in 
the hands was measured at a single time point after admin-
istration and was approximately 2.6-fold lower than the 
mean TSC blood concentrations. The concentration of TSC 
in patients’ hands was highly variable and was unrelated to 
TSC exposure in blood (Fig. 1d).

PLD pharmacokinetics

PLD PK sampling was completed for 10 women. Encap-
sulated and released doxorubicin concentration versus time 
profiles in plasma are shown in Fig. 2. In all patients, the 
peak encapsulated doxorubicin concentration in plasma 
was approximately tenfold greater than the peak released 
doxorubicin concentration. Additionally, encapsulated 
doxorubicin concentrations were detectable for up to 
8 days after PLD administration in nearly all patients and 
up to 28 days after PLD administration in four patients. 
The released doxorubicin concentration versus time pro-
file was found to closely mirror that of the encapsulated 
doxorubicin, but at a significantly lower concentration. 
Significant interpatient PK variability was observed for 
both the encapsulated and released doxorubicin PK dis-
position. The mean ± SD AUC for encapsulated and 
released doxorubicin was 2,353,223 ± 704,711 ng/mL * h 
and 243,541 ± 171,578 ng/mL * h, respectively. The 
mean ± SD ratio of released doxorubicin AUC to encapsu-
lated doxorubicin AUC was 0.10 ± 0.05.

Table 1  Patient characteristics upon enrollment

Characteristic n = 10

Age (years)

 Mean 58.9

 Range (min–max) 44–75

Race (n)

 Caucasian 9

 African-American 1

Height (cm)

 Mean 165.9

 Range (min–max) 157–178

Weight (kg)

 Mean 78.5

 Range (min–max) 48–116

BMI (kg/m2)

 Mean 28.7

 Range (min–max) 19–42

BSA (m2)

 Mean 1.83

 Range (min–max) 1.46–2.0

Regimen (n)

 PLD 30 mg/m2 + carboplatin 4

 PLD 40 mg/m2 6

Table 2  PLD and TSC PK 
parameters (n = 8)

Data presented as mean (SD)
a Units = nCi/mL * h

Parameter Doxorubicin Tc(99m)

Released Encapsulated Released/encapsulated

CL (mL/h) 253.0 (175.8) 25.7 (12.1) – 20,545 (7986)

AUC (ng/mL * h) 243,541 (171,578) 2,898,782 (974,518) 0.10 (0.05) 432.2 (200.1)a

t½ (h) 189.7 (252.6) 79.6 (25.3) – 0.38 (0.10)

Vd (mL) 401,66 (34,838) 2569 (502) – 11,000 (4100)
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Relationship between TSC blood PK and encapsulated 
doxorubicin plasma PK

A direct linear relationship was found between the clear-
ance of TSC in blood and clearance of encapsulated dox-
orubicin in plasma in all patients (R2 = 0.61, p = 0.02) 
(Fig. 3a). In patients treated with PLD alone, there was a 
stronger direct linear relationship between the clearance of 
TSC in blood and clearance of encapsulated doxorubicin in 
plasma (R2 = 0.81, p = 0.04) (Fig. 3b).

Relationship between estimated encapsulated 
doxorubicin hand concentration and PPE toxicity

An equation to estimate the encapsulated doxorubicin con-
centration in the patients’ hands was developed based on 
data showing TSC CL from blood correlated with encap-
sulated doxorubicin CL from plasma (Online Resource 
Supplemental Equation (SE) 1). The final results on the 
relationship between TSC CL in blood and encapsulated 
doxorubicin CL in plasma are presented in the results 

section (Fig. 3). Using the variables attained by this study 
(TSC ConcentrationHand, TSC AUCBlood, and encapsulated 
doxorubicin AUCPlasma), the estimated encapsulated doxo-
rubicin concentration in the hands was calculated (Online 
Resource SE2) and was compared to the maximum grade 
of PPE toxicity experienced by patients.

In order for TSC to be considered a viable phenotypic 
probe, it would ideally be capable of predicting the devel-
opment of PPE by administering TSC prior to the admin-
istration of PLD, and thus not requiring measurement of 
PLD plasma exposure. Thus, we tested the ability of TSC 
to accomplish this by utilizing the preliminary finding of 
an association between TSC blood clearance and encap-
sulated doxorubicin plasma clearance to estimate the 
encapsulated doxorubicin AUCPlasma from the measured 
value of TSC AUCBlood obtained in the study. This was 
performed using the equation (encapsulated doxorubicin 
AUCPlasma = 21,138 X TSC AUCBlood + 1,641,403). We 
then used this de novo estimated encapsulated doxorubicin 
AUCPlasma value to estimate the encapsulated doxorubicin 
concentration in the hands prior to PLD administration 
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(Online Resource SE3). This estimated concentration of 
encapsulated doxorubicin in the patients’ hands using SE3 
was then compared to the maximum grade of PPE toxicity.

Spearman’s Correlation (SC) analysis demonstrated 
that there was a positive relationship between the esti-
mated encapsulated doxorubicin concentration in patients’ 
hands and the maximum grade of PPE toxicity devel-
oped (ρ = 0.81, p = 0.01) using measured encapsulated 

doxorubicin in plasma (Fig. 4a). Furthermore, TSC was 
evaluated as a phenotypic probe to calculate an esti-
mated encapsulated doxorubicin AUCPlasma from the TSC 
AUCBlood obtained in the study in lieu of directly measur-
ing encapsulated doxorubicin concentration in plasma. 
This method demonstrated a similar positive relationship 
between estimated encapsulated doxorbucin concentrations 
in patients’ hands and the maximum grade of PPE toxicity 
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developed using estimated encapsulated doxorubicin AUC 
in plasma from the TSC probe PK parameters (ρ = 0.73, 
p = 0.03) (Fig. 4b).

Discussion

The interindividual PK variability of PLD and other lipo-
somal agents is clinically significant and greater than small 
molecule, non-liposomal doxorubicin [5–7]. This variabil-
ity in exposure is thought to be associated with the variable 
efficacy and toxicity observed with therapy. Clearance of 
PEGylated and non-PEGylated liposomal and nanoparti-
cle agents, such as PLD, occurs via the MPS [2, 6]. Due to 
these interactions, PK variability and PD variability of PLD 
are thought to be related to variability in the function of the 
MPS in patients. Thus, there is a need to evaluate the fac-
tors driving this variability and attempt to predict this vari-
ability in order to optimize treatment with PLD and other 
novel nanoparticle agents in patients with EOC and other 
diseases. Phenotypic probes are tests that can be adminis-
tered to a patient as potential indicators of a drug’s PK and 
PD, and subsequently can be used to individualize therapy. 
TSC is approved by the FDA for imaging areas of function-
ing cells of the MPS in the liver, spleen, and bone marrow. 
We therefore undertook the first study evaluating the use of 
TSC as a phenotypic probe for the PK and PD disposition 
of PLD in women with EOC.

Similar to findings in previous studies, significant inter-
patient variability in the PK of encapsulated and released 
doxorubicin was observed in our study [7]. Encapsulated 
doxorubicin concentrations were approximately tenfold 
greater than released doxorubicin concentrations in all 
patients. Significant interpatient PK variability was also 

observed for TSC in blood, liver, spleen, and patients’ 
hands. Additionally, TSC concentrations in all organs and 
tissues evaluated within a patient were not similar and were 
unrelated. These findings suggest that differences in MPS 
within tissues as measured by TSC levels are consistent 
with the high PK variability observed with liposomal and 
nanoparticle agents.

Our results demonstrated a positive linear relationship 
between the blood clearance of TSC and plasma clear-
ance of encapsulated doxorubicin (R2 = 0.61, p = 0.02) 
(Fig. 3), especially those patients receiving PLD alone 
(R2 = 0.81, p = 0.04). This suggests that the MPS is 
involved in the clearance of a wide variety of nanopar-
ticles. In addition, the ability of TSC to better predict 
the clearance of PLD when given alone compared with 
PLD + carboplatin suggests that carboplatin may be 
altering MPS function. Consistent with our results, prior 
studies have reported modulation of monocyte function 
and chemotaxis by platinum agents, which may lead to 
an alteration in the plasma clearance of PLD by the MPS 
when carboplatin is co-administered [36]. These results 
also suggest that the TSC probe can be used to evaluate 
potential drug interactions related to MPS function and 
nanoparticle PK.

The estimated encapsulated doxorubicin concentra-
tion in hands using measured exposures of PLD in plasma 
was demonstrated to have a positive relationship with the 
maximum grade of PPE toxicity in patients (SC, ρ = 0.81, 
p = 0.01) (Fig. 4a). A similar relationship was also found 
by estimating the exposures of PLD in plasma and hands 
using TSC PK parameters (SC, ρ = 0.73, p = 0.03) 
(Fig. 4b). This demonstrates the ability to use TSC as a 
phenotypic probe for predicting the development and sever-
ity of PPE toxicity prior to administration of PLD. The lack 

0

1

2

3

4

5

0 5000000 10000000 15000000

M
ax

im
um

 P
PE

 T
ox

ic
ity

 G
ra

de
 

Estimated Encapsulated Doxorubicin 
Concentration Hands (ng/cm3) 

ρ = 0.81
P-value = 0.01

a Utilizing measured encapsulated doxorubicin 
AUC in plasma to estimate encapsulated 

doxorubicin concentration in hands

0

1

2

3

4

5

0 5000000 10000000 15000000

M
ax

im
um

 P
PE

 T
ox

ic
ity

 G
ra

de
 

Estimated Encapsulated Doxorubicin 
Concentration Hands (ng/cm3) 

ρ = 0.73
P-value = 0.03

b Utilizing estimated encapsulated doxorubicin 
AUC in plasma to estimate encapsulated 

doxorubicin concentration in hands

Fig. 4  Relationship between estimated encapsulated doxorubicin 
concentration in hands and maximum PPE toxicity. Using Spear-
man’s correlation, there was a direct positive relationship between 
the maximum PPE toxicity grade developed in patients (n = 9) and 

the estimated encapsulated doxorubicin concentrations in the hands 
utilizing a measured encapsulated doxorubicin AUC in plasma and b 
measured TSC AUC in blood
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of a relationship between TSC AUC in blood and TSC con-
centrations in patients’ hands suggests that the presence of 
MPS cells in the hands is important in determining the dis-
tribution of PLD to tissues instead of solely the exposure 
in plasma. Moreover, our data suggest that the presence of 
MPS cells in the hand may be a mechanism associated with 
the development of PPE toxicity. Previous studies have 
shown that PLD-associated PPE may arise from inflamma-
tory reactions mediated by macrophage antigen presenta-
tion and subsequent cytotoxic T cell and natural killer cell 
activation, along with upregulation of tumor necrosis factor 
(TNF) and CD95 in the epidermis [25, 27, 37, 38]. Thus, 
TSC could be used as a phenotypic probe to measure the 
presence of MPS cells in the hands and predict the occur-
rence and severity of PPE in patients.

The results of our study demonstrate that TSC may be 
used as a phenotypic probe to predict PLD PK (plasma clear-
ance and exposure in patients’ hands) and PD (development 
of PPE toxicity) in individual patients prior to PLD admin-
istration. These results are somewhat surprising considering 
the large structural and chemical differences between TSC 
and PLD. However, these differences demonstrate the appar-
ent non-specificity of the MPS in the uptake and clearance 
of nanoparticles and particles of different sizes. In addi-
tion, these results suggest that the clearance of nanoparticles 
with different chemical (e.g., non-PEGylated vs. PEGylated 
liposomes) and PK characteristics (e.g., high, medium and 
low clearance) in patients will have the same rank order of 
clearance in patients. Thus, the measured clearance rate of 
one type of nanoparticle in a patient can be used to predict 
the clearance of another distinct nanoparticle.

These results have strong clinical and developmental 
implications about the future use of TSC or other nanopar-
ticle imaging agents as phenotypic probes of MPS function, 
PLD PK and PD, and the ability to potentially individualize 
PLD therapy in EOC and other cancers. In addition, due to 
the development of numerous other liposomal and nanopar-
ticle agents that are cleared via the MPS, the potential abil-
ity of TSC to predict the PK and PD of other nanoparticle 
agents could be critical to the translational development and 
clinical success of future novel therapies. Ultimately, TSC 
may be used to screen the MPS activity in patients prior to 
receiving nanoparticle chemotherapy to allow for individu-
alized dosing as a method to optimize efficacy while mini-
mizing toxicity. Patients with lower MPS activity may be at 
risk of increased drug exposure and adverse events and thus 
require lower doses of PLD, whereas patients with higher 
MPS activity may require higher or more frequent doses 
in order to achieve optimal treatment response. The use 
of TSC is highly translatable and readily transferrable to 
clinical practice as TSC is already FDA-approved and used 
clinically for imaging of MPS-related organs, and gamma 
cameras and counters are readily available in hospitals and 

imaging centers. Further studies validating the ability of 
TSC to perform as a reliable phenotypic probe of the MPS 
and to potentially individualize the therapy of other nano-
particle agents are warranted.
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