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Nanoparticle technology: amplifying
the effective sensitivity of biomarker detection
to create a urine test for hGH
Claudia Fredolini,a,b,e Davide Tamburro,c,e Guido Gambara,d,e

Benjamin S. Lepene,f Virginia Espina,e Emanuel F. Petricoin III,e

Lance A. Liottae and Alessandra Luchini∗ e

Several clinical-grade immunoassays exist for the specific measurement of hGH or its isoforms in blood but there is an
urgent need to apply these same reliable assays to the measurement of hGH in urine as a preferred ‘non-invasive’ biofluid.
Unfortunately, conventional hGH immunoassays cannot attain the sensitivity required to detect the low concentrations of
hGH in urine. The lowest limit of sensitivity for existing hGH immunoassays is >50 pg/mL, while the estimated concentration
of urinary hGH is about 1 pg/m – 50 times lower than the sensitivity threshold. We have created novel N-isopropylacrylamide
(NIPAm)-based hydrogel nanoparticles functionalized with an affinity bait. When introduced into an analyte-containing
solution, the nanoparticles can perform, in one step, (1) complete harvesting of all solution phase target analytes, (2) full
protection of the captured analyte from degradation and (3) sequestration of the analyte, effectively increasing the analyte
concentration up to a hundredfold. N-isopropylacrylamide nanoparticles functionalized with Cibacron Blue F3GA bait have
been applied to raise the concentration of urinary hGH into the linear range of clinical grade immunoassays. This technology
now provides an opportunity to evaluate the concentration of hGH in urine with high precision and accuracy. Copyright c©
2009 John Wiley & Sons, Ltd.
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Introduction

Despite the ready availability of clinical-grade human growth
hormone (hGH) immunoassays,[1,2] successful application of these
platforms to the discovery of illegal doping cases has been rare.
There are several reasons why hGH doping is difficult to detect.
Firstly, physiological levels of hGH are normally low in blood and
can fluctuate widely or spike in concentration over the course of
24 hours.[3,4] Secondly, normal physiological hGH levels can be
influenced by exercise.[5,6] Thirdly, the half-life of the persistence
of elevated hGH in the blood, following the administration of a
bolus of hGH, is short and variable.[7] For these reasons it can
be difficult to differentiate physiological elevations of hGH from
illegal hGH administration.

One way to overcome the deficiency in hGH anti-doping
detection rates is to increase specificity for artificial versus
native hGH. Human growth hormone is naturally present in
the blood in different isoforms (22, 20, and 17 kDa), and may
form dimers and multimers.[2,8] Recombinant hGH (rhGH) consists
of a unique isoform of 22 kDa and is monomeric only. The
administration of the rhGH 22 kDa isoform and the reduction of
endogenous hGH pituitary secretion due to negative feedback
control increases the relative abundance of the 22 kDa in
circulation.[9] Bidlingmaier and colleagues recently described a
new high-sensitivity chemiluminescence immunoassay exploiting
antibodies directed against rhGH and pituitary-derived hGH. The
functional sensitivity of the assay was <50 ng/L (pg/mL).[10] After
injection of rhGH, the ratio between recombinant and pituitary
hGH remained significantly increased for 18–36 hours, depending

on hGH dosage and sex of the patient.[10] The differential
immunoassay test was applied at the 2004 Athens and 2006
Turin Games but yielded no positives.[10] One possible reason for
the lack of positive tests has been attributed to the short window
of detection between the administration of rhGH and the ability
to detect it.[10]

Measurement of hGH isoforms may improve our ability to
distinguish normal from recombinant hGH in blood samples[9]

but it will not solve the problem of the short half life of hGH
elevation following an illegal administration. Consequently it has
been proposed that urine testing could increase the timeframe
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Table 1. Study of urinary hGH dependence on physical activity:
Urinary hGH concentration+/−STD [pg/mL]/(number of athletes),
adapted from Saugy and colleagues[11]

Type of athletic discipline

Before the
competition

[pg/mL]/
(# athletes)

After the
competition

[pg/mL]/
(#athletes)

17 km race 4.0+/−0.2/(130) 62.8+/−7.9/(130)

Cycling (Tour de Suisse) 71.6/(60)

Track and field (Switzerland) 1513.9/(60)

Athleticsa 1514/(50)

Rowinga 942/(30)

Weightliftinga 6.2/(30)

Cyclinga 71.6/(60)

Volley teama 4.4/(179)

Controlsa 3.7/(114)

Shot put, 1500 m swimming,
volleyball, basketball,
100 km cycling

18+/−10

800 m athletics, 1500 m
athletics, 200 m
swimming, 500 m canoe,
4000 m cycling

1320+/−410

400 m athletics, 400 m
swimming, 1000 m canoe

6437+/−2331

a Out of competition values for this set of measurement was 7.6 pg/mL
on 50 athletes.

in which hGH could potentially be detected. Unfortunately, a
precise and accurate clinical-grade commercial urine hGH test
does not exist at this time. The first major reason is that the
concentration of hGH in urine (approximately 1 pg/mL) is far
below the detection limits of conventional clinical immunoassays.
The principal metabolic clearance of hGH is glomerular filtration.
Human growth hormone is efficiently re-absorbed and degraded
in renal tubular cells, therefore only a small amount of hGH is
present in urine (<0.01%).[4,11]

Beyond the extremely low concentration of hGH in the urine,
other factors limit the ease of developing a standard assay for
urine hGH. These factors include:

• A lack of information concerning the normal physiological
fluctuations of the levels of urine hGH isoforms of hGH,[12 – 15]

the variable correlation of urine hGH with blood levels for
samples collected at the same point in time, and the influence
of exercise and kidney function on the urine hGH levels.

• Difficulties in preparing uniform standard preparations used to
calibrate the assay.

Figure 1. Schematic representation of hydrogel nanoparticle functioning.
Adapted from Longo et al.[42]

• A majority of the hGH in the circulation forms complexes with
high-affinity circulating growth hormone-binding proteins
(GHBP).[16] The concentration of GHBP is highly variable and the
complex formations can interfere with antibody recognition
for the hGH epitope(s).[17]

In the past, a number of investigators have attempted to develop
a highly sensitive immunoassay to detect hGH in human urine.[18]

Saugy et al.[11] employed two immunoassays, ELISA NordiTest
(Novo Nordisk) and Delphia system (Pharmacia), with a dynamic
range of 2–50 ng/L (pg/mL). Using this method, they measured
the hGH concentration in urine donated by volunteer athletes
before and after intense physical exercise (Table 1). The authors
registered an increase of hGH levels in urine after exercise that did
not depend on the specific gravity of urine or creatinine content.
The authors observed that hGH release in urine depended on the
type of athletic discipline practised and that the levels increased
in relatively short but very intense efforts.

In another study,[19] the level of hGH in urine after adminis-
tration of rhGH was evaluated (Table 2). The volunteers received
subcutaneous or intramuscular hGH (to mimic therapeutic or dop-

Table 2. Study on volunteers treated with rhGH subcutaneous injections: Urinary hGH concentration [pg/mL]+/−STD/(number of volunteers),
adapted from Saugy and colleagues[19]

Before
treatment

(pg/mL)/(#athletes)

Day 1
(pg/mL)/

(#athletes)

Day 2
(pg/mL)/

(#athletes)

Day 3
(pg/mL)/

(#athletes)

Day 4
(pg/mL)/

(#athletes)

Day 5
(pg/mL)/

(#athletes)

Non-treated,
non-exercising
volunteers

4.2/(196)

12 I.U. subcutaneous
application

4.3+/−4.1/(9) 136+/−84/(9) 185+/−(83)/(9) 147+/−67/(9) 182+/−73/(9) 202+/−121/(9)
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Figure 2. Chemical formula of Cibacron Blue F3GA (CB). Sulfonate groups,
which are thought to play a fundamental role in CB-hGH complex
formation, are highlighted with a red circle.

ing administration). In both treatments, the hGH concentration
in urine increased 50 to 100 times over the normal levels. In
that study, urinary hGH peaks (300 ng/L (pg/mL)) appeared after
6–12 hours and disappeared completely after 24 hours.[20]

Past studies demonstrated that strong physical exercise could be
accompanied by proteinuria and elevated levels of urinary hGH.[21]

It is unclear if the increased levels of urinary hGH following exercise
are a passive consequence of proteinuria, or reflect an increased
rate of hGH production. The influence of exercise on urine hGH
has led previous authors to recommend that hGH should be
measured only in the urine of athletes out of competition and
that beta 2 microglobulin should be used as a control for normal
kidney function. Previous authors recommended a cutoff value of
100 pg/mL in the urine as a threshold for a positive screen.[11]

Positive correlations have been found between serum and
urinary hGH levels.[9,22 – 29] Elsewhere, the correlation between
blood and urinary hGH levels was variable[30] and seemed to be
impaired by factors such as sex (no correlation in males),[31] and
disease state (no correlation in children with hGH deficiency,[32]

individuals with thyroid disfunction,[33] renal insufficiency.[16])
Despite data employing research grade immunoassays,[34 – 39]

no current clinically approved immunological test has the required
sensitivity to measure hGH in the urine reliably. The estimated
baseline concentration of urine hGH is approximately 1 pg/mL

and falls fiftyfold below the linear range and sensitivity threshold
(50 pg/mL) of all commercially available clinical grade immunoas-
says for hGH, including isoform-specific immunoassays.[10,20,40]

Hydrogel Nanoparticles Technology

We have applied nanoparticle technology (Figure 1) as a pre-
processing step that can increase the sensitivity of any analyte
immunoassay by a hundredfold.[41 – 43] We originally proposed the
novel core-shell affinity-bait nanotechnology as a means to over-
come the three major hurdles to ‘disease-associated’ biomarker
discovery and measurement in blood and other body fluids. When
placed in a biological fluid, the harvesting nanoparticles in one step
rapidly conduct: (1) affinity capture, (2) concentration of target an-
alytes, (3) complete exclusion of high molecular-weight proteins
such as immunoglobulins, albumin and GHBP, and (4) complete
protection of captured analytes from degradation.[41 – 43] Hy-
drogel core-shell nanoparticles are constituted by poly(N-
isopropylacrylamide) (NIPAm) and Methylenebisacrylamide (BIS)
as a cross-linker.[43] No other technology exists that has a similar
yield, concentration ability and stabilization function. The nanopar-
ticles incorporate a variety of very high affinity baits that target
major categories of body fluid bioanalytes including membrane
proteins, nuclear proteins, cytoplasmic proteins and secreted sol-
uble proteins; basic proteins and peptides, acidic proteins and
peptides, and metabolites. The bait chemistries recognize the 3-D
conformation of target proteins with very high affinity (greater
than most antibodies) such that virtually the entire solution
phase content of the target biomarker can be sequestered in
five minutes.[41 – 43] The captured analytes can be readily eluted for
analysis.[41 – 43] Core shell nanoparticles raised the concentration
of extremely dilute undetectable serum platelet-derived growth
factor (PDGF-BB) signal pathway ligand into the detection range of
a commercial clinical-grade ELISA platform. Native PDGF-BB was
captured and greatly concentrated by the nanoparticles.[42]

Concentration and Preservation of Urinary
hgH by Cibacron Blue F3G-A Loaded Hydrogel
Nanoparticles

Among the variety of chemical baits that have been covalently
bound to the core shell nanoparticles,[44] Cibacron Blue F3GA (CB)

Figure 3. Atomic force microscopy (AFM) images of NIPAm/CB nanoparticles show that the size distribution of NIPAm/CB nanoparticles is very uniform.
Aqueous nanoparticle suspension was deposited under a humid atmosphere at room temperature on freshly cleaved mica. After 15 minutes’ incubation,
water was removed under nitrogen flow. AFM images were acquired on nanoparticles using an NSCRIPTORTM DPN System (NanoInk). Images were
acquired under AC mode using a silicon tip with a typical resonance frequency of 300 kHz and a radius smaller than 10 nm.

Drug Test. Analysis 2009, 1, 447–454 Copyright c© 2009 John Wiley & Sons, Ltd. www.drugtestinganalysis.com
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Figure 4. SDS PAGE analysis shows that NIPAm/CB nanoparticles com-
pletely sequestered and concentrated pituitary hGH (the three major
isoforms 22, 20, and 17 kDa are clearly visible by silver staining) and
recombinant hGH from synthetic urine solution. Adapted from Fredolini
et al.[41]

has been employed successfully to capture, preserve and concen-
trate hGH in urine.[41] Cibacron Blue F3GA is a monochlorotriazinyl
textile dye with well-known ability to interact with proteins.[45,46]

It is already used in solid-phase affinity chromatography and has
proven affinity for hGH.[47] Previous studies have demonstrated
that the interaction between deprotonated SO3 groups of CB and

protonated sites of the protein have an important role in the
protein-dye complex formation.[48] Figure 2 shows the location of
the putative binding site on the CB molecule. In addition to CB,
we have identified several different novel bait chemistries that will
bind hGH with high affinity, including all the isoforms.

N-isopropylacrylamide/CB nanoparticles have submicron di-
mensions (diameter 600 nm), are characterized by high homo-
geneity in size distribution and form a stable suspension in
aqueous solution. These characteristics expedite the kinetics of
the capturing process. Figure 3 provides atomic force microscope
pictures of NIPAm/CB nanoparticles. NIPAm/CB nanoparticles per-
form, in solution, molecular size sieving with a molecular cutoff
of 45 kDa.[41] NIPAm/CB nanoparticles captured and concentrated
rhGH (22 kDa) and all the three major isoforms (22, 20, 17 kDa) of
pituitary hGH (Figure 4). NIPAm/CB nanoparticles are not specific
for hGH but have an affinity for a broad class of proteins. These
nanoparticles completely sequestered IGF-1 and other proteins
from solution.[41] This property extends the applicability of NI-
PAm/CB nanoparticles to broader testing. The uptake of hGH by
nanoparticles is very fast. Time course studies suggested that after
only one minute of incubation most of the hormone is trapped
into the nanoparticles.[41]

The protocol that was used by Fredolini et al.[41] consists of three
steps (Figure 5). (1) Urine was incubated with NIPAm/CB nanopar-
ticles and the nanoparticles were recovered by centrifugation.

Figure 5. Our new strategy for immunological detection of human growth hormone (hGH) in urine involves three steps (1) NIPAm/CB nanoparticles
are briefly incubated with urine and separated via high speed centrifugation. (2) hGH that was captured by NIPAm/CB nanoparticles is eluted from the
nanoparticles with an acetonitrile (ACN)-NH4OH buffer. (3) The elution process does not compromise the immunogenicity of hGH, which is measured by
means of a clinical grade immunoassay (Immulite 1000, Siemens). Adapted from Fredolini et al.[41]
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(2) Proteins were eluted from the nanoparticles by means of a
chemical solvent. (3) The nanoparticle eluate was loaded into a
clinical immunometric assay (Immulite 1000, Siemens Medical So-
lution Diagnostic), which is approved for the clinical measurement
of hGH in serum. The Immulite 1000 test for hGH is linear from
0.05 to 40 ng/mL. Only 570 µg of nanoparticles were necessary
to completely sequester hGH from 1 mL of synthetic or biological
urine in which hGH was spiked in at a concentration of 80 pg/mL.
Cibacron Blue F3GA has an affinity for a wide group of proteins
and is not specific for hGH. It was important to understand if the
binding capacity of NIPAm/CB nanoparticles was sufficient to cap-
ture all the hGH present in solution even in the presence of a vast
excess of competing protein analytes. Synthetic urine containing
a mixture of low molecular weight protein (total concentration
1 µg/mL) and hGH in a ratio of 10 1 : 10 000 hGH : total protein was
incubated with the nanoparticles. The presence of competitors
did not affect the efficiency of the nanoparticles in capturing hGH
in solution (Figure 6, left panel) or concentration ability.

The capability of NIPAm/CB nanoparticles to increase the
concentration of the target analyte is a function of the starting
volume of urine and the final volume in which the proteins that are
captured by the nanoparticles are collected. The concentration
mechanism is based on this volumetric ratio. A mathematical
equation can be used to describe the increased detection limit of
immunoassay when the sample is pre-treated with the nanopar-

ticles: Cmin = T/(V/v) = T/c where Cmin is the lowest concentration
detectable, T the limit of sensitivity of the immunoassay, V the
starting volume of urine and v the volume of eluate.

NIPAm/CB nanoparticles showed concentration capability from
tenfold to a hundredfold depending on the starting urine volume.
When the starting concentration of hGH was in the linear range
of the immunoassay (170 pg/mL and 800 pg/mL), NIPAm/CB
nanoparticles increased the hGH concentration over fortyfold,
well above the upper detection limit of the Immulite assay
(Figure 6, right panel). When the hGH concentration was 0.8 pg/mL
(obtained by four sequential 1 : 10 dilutions of an original solution
measured by Immulite at 8.3 ng/mL), NIPAm/CB nanoparticles
increased the hGH concentration up to 300 pg/mL, a value
that is well within the linear range of Immulite, with a highly
acceptable degree of precision (Figure 7). Very importantly, the
relationship between the hGH concentration in the NIPAm/CB
nanoparticle eluate and the concentration of hGH in the starting
solution was linear (r2 = 0.999, Figure 7). The linearity of the
NIPAm/CB nanoparticles’ pre-processing step coupled to the
linearity and precision and accuracy of an accepted approved
clinical immunoassay is a prerequisite for developing a clinical
urine hGH test. The concentration of hGH in the starting urine
solution can be calculated from the value of hGH concentration in
the NIPAm/CB nanoparticle eluate by means of the mathematical
equation that describes the standard curve in Figure 7. We are

Figure 6. Left panel. Interfering proteins do not diminish the concentration capabilities of NIPAm/CB nanoparticles. Solutions of synthetic urine
(Surine) containing hGH alone and hGH mixed with interfering proteins were incubated with NIPAm/CB nanoparticles. The nanoparticles captured
and concentrated hGH 30 fold with no interference by competing proteins, showing a very high binding capacity. Right panel. The sensitivity of hGH
immunoassay is amplified. Human growth hormone is spiked in 10 mL of synthetic urine and mixed with NIPAm/CB nanoparticles. All solution-phase
hGH is rapidly sequestered within the nanoparticles. Human growth hormone concentration in the nanoparticle eluate is linearly dependent on hGH
concentration in the original urine solution. UD means undetectable (below the detection limits of the Immulite, 50 pg/mL) Adapted from Fredolini
et al.[41]
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Figure 7. The concentration of hGH in the urine can be calculated from the concentration of hGH in NIPAm/CB nanoparticle eluate by means of a
calibration curve. Solutions obtained by dissolving rhGH in synthetic urine at decreasing concentration from 830 to 0.83 pg/mL were incubated with
NIPAm/CB nanoparticles. The standard deviation of the concentration of hGH in NIPAm/CB nanoparticle eluate is always below 10% of the average value
(three replicates). Linearity between the concentrations in urine and nanoparticle eluate is evident and the relationship can be mathematically described
by y = 19.41x + 0.28 (r = 0.999). In the blue square a magnification of the curve for the low concentration range (83 pg/mL −0.8 pg/mL). For hGH
concentration in the original urine solution of 0.8 pg/mL a concentration of 0.3 ng/mL was measured by Immulite in the NIPAm/CB nanoparticle eluate.

currently applying the nanoparticle pre-processing step to achieve
a routine urine test for hGH that can be applied to random urine
collection volumes of less than 30 mL. As part of an ongoing ‘IRB
approved’ clinical research study we are evaluating the correlation
of hGH blood levels with urine levels collected at the same time.
Example data from normal volunteers in the 18-to-30 year age
group who are not currently exercising is shown in Table 3. The
data indicate that there is at least a thousandfold difference in the
concentration of physiological hGH in the urine compared to the
blood, when measured at the same point in time. The nanoparticle
based urine assay for hGH can now serve as a means to answer a series
of important previously unknown questions concerning the normal
fluctuations of hGH in the urine, correlation with blood levels, the
proportion of hGH isoforms in the urine, and the interfering factors
that influence the level of hGH in the urine.

Conclusions

Testing for hGH in urine presents two main disadvantages: hGH is
present in urine at a very low concentration (1000 times less than in
blood) and previous studies demonstrated that the level of urinary
hGH is not clearly correlated to the level of hGH in blood.[19] We

propose a new strategy applicable to the measurement of hGH in
urine employing NIPAm/CB hydrogel nanoparticle technology. Hy-
drogel nanoparticles capture, stabilize and concentrate (as much
as a hundredfold depending on the starting urine volume) hGH
from very diluted urine solutions, so that it is possible to mea-
sure urinary hGH with a standardized clinical grade immunoassay.
Studies are ongoing in order to understand the baseline value
of hGH in the urine among individuals who are not undergoing
administration of rhGH, to characterize the physiological variabil-
ity and the correlation with hGH levels in blood, and to evaluate
the normal physiological proportion of hGH isoforms in urine. Our
nanotechnology, when introduced into urine, can harvest and
concentrate all the major isoforms of hGH in addition to other hGH
related protein analytes such as IGF-1. Nanoparticle harvesting
technology can vastly improve the sensitivity of any immunoas-
say with the existing linear range of the assay. Thus increased
sensitivity can be achieved with no increase in background signal.

Our results strongly suggest that nanoparticle technology could
be applied routinely as a pre-processing step for the routine
measurement of urinary hGH.

Large-scale manufacture of the nanoparticles is relatively low
cost and rapid, with very good batch-to-batch reproducibility.

www.drugtestinganalysis.com Copyright c© 2009 John Wiley & Sons, Ltd. Drug Test. Analysis 2009, 1, 447–454
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Table 3. Human growth hormone was measured in blood and urine at the same time from healthy donors

Healthy Donor
hGH+

Blood
(ng/ml)

Direct Measurement in Urine
by the Immunoassay¶ (ng/ml)

Particle
Eluate

(ng/ml)

Calculated actual urine concentration of hGH following
nanoparticles harvesting (nanoparticle
Eluate/Concentration Factor) (pg/ml)

1 2.830 <0.050 0.107 0.973

2 0.095 <0.050 0.056 0.509

3 10.136 <0.050 0.078 0.100

4 1.880 <0.050 0.058 0.527

4 repeat 2.04 <0.050 0.063 0.572

a Measurements were carried out using the Immulite hGH serum immunoassay (Siemens) with a lower detection limit of 50 pg/mL and a linear range
of 50 pg-40 ng per mL.
b Prior to nanoparticle sequestration of hGH from the urine, the concentration of hGH in all urine samples was below the detection limit (<0.050 ng/mL)
of the immulite assay.
The actual concentration in urine was calculated as (nanoparticle eluate concentration)/CF, where CF is the concentration factor = (starting volume
of urine)/(volume of eluate) = 33 mL/0.3 mL = 110.

The monomeric chemistries are largely available. The storage of
nanoparticles in lyophilized form preserves the nanoparticles for
over one year. A commercial kit would incorporate the nanoparti-
cles directly in the urine collection vessel; the nanoparticles would
immediately capture and stabilize hGH and other proteins so that
the sample would be shipped and analysed in the laboratory
without any significant analyte degradation. Rigorous quality-
assurance and quality-control methods have been applied as we
scale up of the nanoparticle production, and utilize the qualified
nanoparticles for ongoing IRB approved clinical research trials in-
vestigating the baseline physiologic levels of urinary hGH isoform
concentration.

Acknowledgements

Supported partially by (1) George Mason University, (2) the Italian
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