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Purpose. To measure the effect of protein size on their disappearance
from subcutaneously implanted carbomer hydrogel matrices.
Methods. A series of different molecular weight (MW) proteins were
iodinated, incorporated into Carbopol hydrogels, injected subcutane-
ously into rats, and monitored using X-ray fluorescence (XRF).
Results. A 10 mg/mL minimum concentration of Carbopol-940 was
necessary before protein [50 mg/mL iodinated bovine serum albumin
(I-BSA)] retention times increased with increasing hydrogel concen-
tration. The decreasing protein signal was not caused by outward
protein diffusion or iodoprotein hydrolysis. As the protein MW in-
creased, protein retention times lengthened [e.g., 6.2 h for insulin (5.7
kDa) to 13.3 h for thyroglobulin (669 kDa)]. Protein disappearance
was monophasic first-order for some proteins and biphasic first-order
for others. The disappearance rate constant ranged from 0.093 ± 0.005
h−

1⁄2 to 0.187 ± 0.057 h−
1⁄2, indicating gel erosion rather than protein

diffusion as the rate-limiting mechanism. Entrapped I-BSA in Car-
bopol-1342 NF, pH 7.4, and Carbopol 2001-ETD, pH 7.4, gel matrices
yielded different disappearance rates and profiles than Carbopol-940.
The overall 50% disappearance rate of I-BSA was greatest for Car-
bopol-1342 NF (41 ± 8 h), followed by Carbopol-2001 ETD (25 ± 2 h)
and Carbopol-940 (10.5 ± 0.7 h).
Conclusion. XRF is a noninvasive technique that can be used to
follow the status of macromolecules in vivo.

KEY WORDS: protein; X-ray fluorescence (XRF); carbomer; in
vivo; kinetics.

INTRODUCTION

An alternative method to intravenous and oral delivery
of therapeutic compounds involves entrapping them within a
polymeric matrix and then implanting them. Polymeric deliv-
ery systems are used to achieve a continuous administration
of systemic drugs such as the contraceptive Norplant® (1).
Such implants, introduced surgically into the body (e.g., sub-
cutaneously or intramuscularly), allow drugs to bypass deliv-
ery barriers and eliminate the need for repeated administra-
tions (2). Successful sustained delivery of the therapeutic
agent often depends on the nature and property of the matrix.
One possible implant formulation for delivery of proteins is a
hydrogel matrix (3–7).

Hydrogels are cross-linked hydrophilic polymers. Their
elasticity and minimal mechanical strength result from the

abundance of water in their structures. Changes in pH, tem-
perature, ionic strength, or solvents can cause viscosity
changes or the erosion of the hydrogel. Efficient delivery of
entrapped macromolecules within a monolithic hydrogel ma-
trix requires a breakdown of the matrix or large hydrogel
porosity.

One class of hydrogel is the ionic polyacrylic acids, also
known as carbomers or Carbopols®. These synthetic poly-
mers have been used extensively in commercial applications
(8) as thickening agents, adhesives, and suspending agents for
pharmaceuticals. Carbomers are high-molecular-weight
cross-linked acrylic acid-based polymers modified with C10–
C30 alkyl acrylates. Their carboxyl moieties provide reliable
bioadhesive and buffering properties (9,10), often used within
an in vitro and in vivo delivery context. On dispersion in
solution and neutralization with a base, the carbomers ionize,
which results in expansion. Because of the ionic nature of
carbomers, salts significantly decrease their viscosity (11,12)
through hydrogen bonding alteration on the poly(acrylic acid)
backbone. Homopolymers of poly(acrylic acid) above 500 Da
are not easily biodegraded (13).

A major challenge of protein delivery is their in vivo
assessment because of their inherently low serum concentra-
tion, rapid blood clearance, and enzymatic protein degrada-
tion. Two techniques most often used to assess sustained-
release formulations in vivo require the use of fluorescent or
radioactive markers in a pharmacokinetic analysis of blood
and urine or, indirectly, by implant removal and subsequent
analysis of the device (7,14,15). Additional quantitative tech-
niques include enzyme–substrate concentration profiles (6),
antibody production (16,17), ELISA/RIA (18,19), SDS-
PAGE (7,17), and �-scintigraphy. Radiolabels are usually
used for protein distribution determination. Noninvasive
techniques include �-scintigraphy (7,20) and SPECT. Invasive
techniques include organ harvesting and autoradiography,
and fluorescence and cytoimmunohistochemistry are nonra-
diologic invasive methods. One noninvasive alternative to
fluorescent and radiolabels is X-ray fluorescence (XRF)
(21,22), which measures the protein clearance from the injec-
tion site.

XRF relies on the emission of X-rays by the interaction
of a sample with external excitation photons. The energies of
the emitted X-rays are characteristic of the elements present
in the sample, and the disappearance of the fluorescence sig-
nal over time reflects the disappearance of the labeled com-
pound(s) from the fluoresced area.

Herein we describe the utility of XRF to monitor and
assess subcutaneously administered proteins (nonradioactive/
nonfluorolabeled) entrapped in carbomer gels. The primary
research objective was to determine the in vivo disappearance
characteristics of various molecular weight model proteins
entrapped in carbomer gels. Their 50% disappearance times
and disappearance profiles are provided, along with their dis-
appearance rate constant based on a matrix delivery device
model.

MATERIALS AND METHODS

Analysis Systems

The 241Am XRF sys0tem used to acquire spectra has
previously been described (21,22). An area of 3.1 cm2 is fluo-
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resced at 2.0 cm from the source holder, yielding qualitative
and quantitative elemental information without any spatial
distribution information.

�-Scintigraphy (Siemens, Germany) was used under the
following conditions: a low-energy lead collimator with the
lower energy threshold set at zero. Static 5-min measure-
ments were taken over a 4-day period. The resolution was 5
mm for [125I]BSA at approximately 6 inches.

Protein Labeling

The following proteins (Sigma, St. Louis, Missouri) were
iodinated: insulin (bovine), �-lactalbumin (bovine), �-lacto-
globulin (bovine), phosvitin (egg yolk), �-amylase (Bacillus
species), serum albumin (bovine), concanavalin A (C. ensi-
formis), �-galactosidase (A. oryzae), �-glucosidase (al-
monds), alcohol dehydrogenase (yeast), immunoglobulin G
(bovine), glucose oxidase (A. niger), amyloglucosidase (Rhi-
zopus), and thyroglobulin (bovine).

The proteins were dissolved in phosphate-buffered saline
(PBS), pH 7.4. Sodium iodide or potassium iodide (Aldrich)
was first added, followed by chloramine-T (22), and the re-
action was allowed to proceed for approximately 1 h, after
which it was terminated using sodium metabisulfite (Aldrich).
Initially, labeled BSA was purified using a preequilibrated
Sephadex G-50 (cross-linked Dextran) (Pharmacia, Sweden)
size-exclusion column. Sodium azide (Aldrich) was flushed
through the column to prevent bacterial growth. The void
volume was determined using Blue Dextran (Sigma). Insulin,
lysozyme, �-lactalbumin, bovine serum albumin (BSA), and
thyroglobulin were used as molecular mass calibrators (all
compounds from Sigma). The protein elute fractions were
consolidated into a round-bottom flask, lyophilized, weighed,
and analyzed for halogen content by XRF. The collected pro-
tein powder was stored at 4°C in scintillation vials. After the
proof of concept stage for iodinating BSA, ultrafiltration (Pall
Filtron, Northbough, MA) replaced size exclusion chroma-
tography as the protein purification method.

For the �-scintigraphy experiments, BSA was dissolved
in PBS, pH 7.4, followed by the addition of 125I-labeled so-
dium iodide (ICN, Costa Mesa, CA) and Iodobeads ™
(Pierce). The reaction was halted after 5 min by the removal
of the Iodobeads. The mixture was purified by ultrafiltration
and then lyophilized.

The lyophilized labeled proteins were assayed for mo-
lecular mass using Sephadex G-25, G-50, and G-200 size-
exclusion chromatography. Molecular mass calibration was
done by using polymyxin, bacitracin B sulfate, vancomycin
hydrochloride, insulin, lysozyme, myoglobin, �-lactalbumin,
BSA, and thyroglobulin (all from Sigma). Protein or peptide
elution periods were determined by UV-vis spectroscopy at
280 nm, by the Lowry assay (Sigma) (e.g., bacitracin), or
through fluorescence with excitation at 360 nm and emission
at 450 nm (e.g., polymyxin).

Hydrogel Matrix Preparation and Protein Loading

Stock gels of Carbopol-940, Carbopol-1342 NF, and Car-
bopol-2001 ETD (B.F. Goodrich, Cleveland, Ohio) at twice
their final concentrations were prepared by dissolving the
dried powder in PBS, pH 7.4. Ammonium hydroxide
(NH4OH) was added to neutralize excess acidity and to bring

the pH back to 7.4. Once the gels were homogeneous and at
the appropriate pH, PBS was added until the proper concen-
trations were achieved. Stock gels that reached 3 months of
age were replaced with freshly prepared gels.

Iodinated BSA (I-BSA) (50.0 mg/mL) was immersed in
Carbopol-940 gels, pH 7.4 (0.0 mg/mL to 19.0 mg/mL), al-
lowed to partition and penetrate the hydrogel, and then
mixed by hand to obtain a homogeneous gel. As a free-iodide
control, potassium iodide (4.57 mg/mL) was added to 14.1
mg/mL Carbopol-940, pH 7.4, to obtain an iodide concentra-
tion equivalent to I-BSA. Non-I-BSA proteins (25.0 or 50.0
mg/mL) were incorporated into stock Carbopol-940 gels (14.1
mg/mL, pH 7.4) and allowed to penetrate into the gel matrix.
PBS was subsequently added, and the matrix was hand mixed
to obtain a monolithic gel. In addition, I-BSA (50.0 mg/mL)
was also entrapped into 14.1 mg/mL, pH 7.4, Carbopol-1342
NF and Carbopol-2001 ETD gels using the same procedure as
Carbopol-940. Every protein/hydrogel was done in triplicate
or greater.

Formulation Administration and Data Collection

Retired female Sprague–Dawley breeder rats (Harlan
Sprague Dawley, Inc., Indianapolis, Indiana) were used. The
rats were placed in an atmosphere containing ethyl ether and
then anesthetized with 0.25 mL of 1:10 acepromazine–
ketamine given intramuscularly (IM) in the thigh with 0.50
mL of 1:10 pentobarbital–saline intraperitoneally (IP), if
needed. After the rats were fully anesthetized, the dorsal hair
on the opposite side was clipped, and the rats were secured
onto a plastic platform and placed underneath the X-ray
source for a 5-min background measurement. The rats were
then removed from under the source and given subcutaneous
(SC) injections of hydrogel–protein formulation at the
clipped site. The location of the resulting welt was outlined
with a marker. The rats were again placed under the X-ray
source, and their skin was marked to allow for consistent
repositioning. A series of 5-min XRF measurements were
collected for 24 to 96 h after the SC injection. Between mea-
surements, the rats were placed in their cages and allowed
food and water ad libitum. The initial background spectrum
was subtracted from each successive XRF measurement (Fig.
1). A region of interest was set on each subtracted measure-
ment to quantify the X-rays from the reporter atom. The dead
time (minimum amount of time separation that must separate
two events in order to be recorded as two separate events) of
each rat was constant; therefore, no dead-time corrections
were needed.

Mathematical Modeling

Analyses of experimental data were carried out using the
X-ray yield from the iodine reporter atom (or from decay-
corrected �-ray emissions when 125I labels were used). Four
phenomenologic equations were used to characterize the pro-
tein disappearance. Matrix-controlled processes were fit to
the following empiric equation (10,23):

Mt�M� = C tn �Mt�M� < 0.6) (1)

where Mt is the cumulative amount of protein released by
time t, M� is the amount of protein originally present in the
gel, Mt/M� represents the fraction of the total protein de-
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creased at time t, C is the diffusion constant and n is the
disappearance index that characterizes the mode of protein
transportation. The diffusion coefficients of the protein in the
hydrogel were calculated using Eq. (2), assuming n � 0.5
(24).

Mt�M� = 4�Dm��h2�0.5 �t�0.5 (2)

where Mt is the cumulative amount of protein released by
time t, M� is the amount of protein originally present in the
gel, Dm is the diffusion coefficient of the protein in the matrix,
and h is the thickness of the hydrogel. The disappearance rate
constant is defined as R � 4(Dm/�h2) 0.5.

In addition, each disappearance profile was analyzed for
monophasic and biphasic disappearance characteristics. For a
first-order monophasic profile, Eq. (3) was used to fit data,
whereas biphasic profiles were fit to Eq. (4). The results are
reported as 50% disappearance (T50), not half-life.

Mt = M0 exp�−kt� (3)

where Mt is the amount of protein at time t, M0 is the original
amount of protein injected at the fluoresced site, and k is the
first-order disappearance constant,

Mt = A exp�−at� + B exp�−bt� (4)

where Mt is the amount of protein at time t, a and b are the
rate coefficients for the two phases, A is the zero-time inter-
cept for the first phase, and B is the zero-time intercept for
the second phase. The extrapolated value of the longer-
disappearance second component subtracted to yield the dis-
appearance curve for the first-component curve.

RESULTS

Effect of Carbopol-940 Concentration

The top portion of Fig. 1 shows a representative spec-
trum of I-BSA in Carbopol-940 gel, and the bottom portion
shows the background-corrected spectrum. First-order disap-
pearance profiles were seen for I-BSA in Carbopol-940 hy-
drogels with polymer concentrations ranging from 0 to 19.0
mg/mL Carbopol-940 (Fig. 2). A minimum of 10 mg/mL Car-
bopol-940 was required before 50% disappearance (T50)
times began increasing (Fig. 3). Minimum T50 was seen at 0
mg/mL Carbopol-940 with a T50 � 6.5 ± 0.2 h−1/2 and a dis-
appearance rate constant � 0.227 ± 0.014 h−. Maximum T50

was seen at 19.0 mg/mL Carbopol-940 with a T50 � 14.0 ± 0.5
h and a disappearance rate constant � 0.144 ± 0.015h−1/2

(Table I). Free iodide entrapped in 14.1 mg/mL carbopol-940
had a 13.4 ± 0.7 min half-life.

Protein’s Fate

�-Scintigraphy was used to monitor the BSA disappear-
ance over the 4 days following the injection (Table II). No
lateral diffusion was evident (data not shown). The disappear-
ance of the [125I]BSA from the injection site followed first-
order kinetics. The half-life was 16.7 ± 0.56 h (n � 1). The
whole-body half-life was 31.8 h. The labeled protein migrated
to the liver, where the 125I activity first increased, then began
to decrease over the measurement period. The 125I activity in
the thyroid increased with time and reached a maximum of
4% by day 2.

Effect of Protein Size

Various iodinated proteins (50.0 mg/mL final concentra-
tion) were substituted for I-BSA to determine the effect of
protein mass on the disappearance rates from 14.1 mg/mL

Fig. 1. (Top) The X-ray fluorescence spectrum for iodinated bovine
serum albumin in Carbopol-940 taken for 5 min after injection. (Bot-
tom) The background-corrected spectrum for iodinated bovine serum
albumin in Carbopol-940. The 28.6-keV iodine K � and the 32.3-keV
K � peaks are now clearly visible.

Fig. 2. An I-BSA disappearance profile after subcutaneous injection
of 50.0 mg/mL I-BSA in 14.14 mg/mL Carbopol-940.
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Carbopol-940, pH 7.4, hydrogels. A comparison of the 50%
disappearance times for proteins exhibiting monophasic and
biphasic disappearance kinetics is shown in Fig. 4a. The re-
tention time increased as the molecular mass increased for the
monophasic proteins. For the proteins that followed biphasic
disappearance, the 50% disappearance time was greater than
those of monophasic proteins of comparable mass. When the
extrapolated second component was subtracted from the
overall profile, the T50s for the first components were com-
parable to the overall T50 of monophasic proteins of equiva-
lent mass (Fig. 4b, Table III). The overall T50 ranged from 8.0
± 1.0 to 43 ± 11 h. The disappearance rate constant for the
proteins ranged from 0.093 ± 0.005 h−

1⁄2 to 0.187 ± 0.057 h−
1⁄2

(Table III).

Effect of Protein Load

Iodinated �-lactoglobulin (I-�-lactoglobulin, 17.5 kDa),
25.0 and 50.0 mg/mL, or I-BSA (66 kDa) incorporated into
14.1 mg/mL Carbopol-940 gels, pH 7.4, showed no concentra-
tion–retention time dependence as determined by the two-
sided Student t test (� � 0.05). The T50s for 25.0 and 50.0
mg/mL I-�-lactoglobulin were 7.9 ± 0.3 h (n � 4) and 8.0 ± 1.0
h (n � 6), respectively. The T50s for 25.0 and 50.0 mg/mL
I-BSA were 10.0 ± 1.4 h (n � 5) and 10.5 ± 0.7 h (n � 6),
respectively.

Carbopol-1342 NF and Carbopol-2001 EDT Gels

Figure 5 shows the disappearance of I-BSA from three
types of carbomer formulations at the same protein and poly-
mer concentrations (50.0 mg/mL I-BSA and 14.1 mg/mL Car-
bopols, pH 7.4). Previously, it was shown that I-BSA in Car-

Table I. The Disappearance Rate Constant, R, for 50.0 mg/mL I-
BSA in 14.14 mg/mL Carbopol 1342 NF and Carbopol 2001 ETD and

Various Concentrations of Carbopol-940

Hydrogel condition

Disappearance
rate constant

(h−1/2) Replicates

14.14 mg/mL Carbopol-1342 NF 0.090 ± 0.011 6
14.14 mg/mL Carbopol-2001 ETD 0.105 ± 0.031 7
pH 7.4 PBS 0.227 ± 0.014 6
5.61 mg/mL Carbopol-940 0.204 ± 0.018 5
9.93 mg/mL Carbopol-940 0.197 ± 0.003 3
14.14 mg/mL Carbopol-940 0.158 ± 0.044 6
14.77 mg/mL Carbopol-940 0.188 ± 0.018 3
16.33 mg/mL Carbopol-940 0.164 ± 0.024 8
18.75 mg/mL Carbopol-940 0.144 ± 0.015 7

Table II. Body Distribution of 125I-Labeled BSAa

Time
after

injection

Distribution of 125I activity (%)

Whole body Injection site Liver Thyroid

0 h 100.0 95.8 0.6 0.2
0.3 h 90.4 86.2 0.6 0.2
1 h 97.9 92.6 1.0 0.3
2 h 102.1 96.3 1.1 0.3
3 h 100.8 94.4 1.3 0.3
15 h 86.9 69.6 5.0 1.8
2 d 36.0 15.1 6.1 4.1
3 d 20.8 4.9 3.6 4.0
4 d 15.5 2.7 2.3 3.6

a �-Scintigraphy indicated that the bulk of the activity does not persist
within the body. The activity builds to a zenith in the liver at ap-
proximately 15 h at 5% of the original dose and then slowly de-
clines. The activity in the thyroid, related to free iodide, crests later
at 4% and subsides more slowly than in the liver.

Fig. 3. Variation in the 50% disappearance of I-BSA with varying
concentrations of Carbopol-940. The I-BSA concentration was 50.0
mg/mL in all cases. Once a threshold concentration was achieved, as
the concentration increased, the retention time increased.

Fig. 4. (A) Overlay plot of monophasic and biphasic proteins in 14.14
mg/mL Carbopol-940. The biphasic proteins had longer overall 50%
disappearance times than monophasic proteins of comparable mo-
lecular mass. (B) Overlay of 50% disappearance times for proteins
that followed monophasic disappearance and the first component of
those that followed biphasic disappearance.
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bopol-940 followed monophasic, first-order kinetics with the
50% disappearance of 10.5 ± 0.7 h (n � 6). In Carbopol-1342
NF, I-BSA exhibited biphasic disappearance with an overall
T50 of 44 ± 14 h (n � 6) and a first component T50 of 15 ± 5
h (n � 6). The age of the formulation did not affect the
disappearance profile. In Carbopol-2001 EDT, I-BSA exhib-
ited both monophasic and biphasic disappearance. In freshly
prepared I-BSA–Carbopol-2001 EDT gels, I-BSA followed a
monophasic profile with a T50 of 25 ± 2 h (n � 3). In 10-day-
old formulations, I-BSA exhibited biphasic disappearance
with a first component T50 of 15.8 ± 0.8 h (n � 3) and an
overall T50 of 24 ± 3 h (n � 3). The overall group mean T50

was 25 ± 2 h (n � 6).

DISCUSSION

A 10 mg/mL Carbopol-940 threshold was required be-
fore I-BSA retention began to increase (22). This may reflect
retardation of I-BSA diffusion from greater gel viscosity,
greater polymer–protein interactions, or decreasing carbomer
porosity. The 14.1 mg/mL Carbopol concentration was chosen
as the matrix concentration for comparative studies because it

could increase the retention time of I-BSA (10.5 ± 0.7 h half-
life) over PBS (6.5 ± 0.2 h half-life) and still remain injectable.
Free iodide at the same iodide concentration disappeared
with a 13.4 ± 0.7 min half-life (22). This indicates that the
I-BSA signal decline was from the disappearance of labeled
protein, not from unattached iodine as a result of incomplete
purification. Furthermore, �-scintigraphy indicated that later-
al diffusion of the protein was not the responsible for the
decreasing iodine X-ray yield seen from the XRF measure-
ments. In addition, �-scintigraphy showed that I-BSA accu-
mulates in the liver, whereas free iodine (iodide released
through hydrolysis of the protein–iodide bond) accumulates
in the thyroid. This amount never exceeded 4% of the total
iodine administered.

Other iodinated proteins (all at 50 mg/mL) were en-
trapped at the same Carbopol concentration (14.1 mg/mL) to
determine the effect of protein size on disappearance rates.
Some proteins followed monophasic first-order kinetics,
whereas others demonstrated biphasic disappearance pro-
files. Although there was no clear explanation for these ob-
servations, possible reasons for the differences in the disap-
pearance rate and the phasic nature include the dual clear-
ance pathway for proteins (23,25), protein interactions,
porosity of the matrix, polymer erosion, protein size, and pro-
tein concentration gradient. Our results concur with observa-
tions made by numerous authors showing a similar relation-
ship between size and rate for macromolecules when en-
trapped within a matrix (3,23,26,27). Our study showed a
logarithmic relationship between the 50% disappearance rate
and the mass of the protein.

Because only buffer salts were used during protein ly-
ophilization in order to obtain the purest labeled protein,
the likelihood of protein subunit dissociation, dimerization,
or aggregation was enhanced (28). This was evident with io-
dinated �-lactoglobulin when size-exclusion chromatography
demonstrated that 17.5-kDa subunits, not the 35-kDa pro-
tein, existed. Additionally, because of the matrix pH, Con-
canavalin A was treated as a tetrameric protein. The biphasic
first-order and occasional monophasic first-order insulin dis-
appearance phenomenon was probably a result of insulin ag-

Table III. The 50% Disappearance Times (T50) and Disappearance Rate Constants (R) for 50.0 mg/mL Proteins in 14.14 mg/mL Carbopol-
940, pH 7.4

Protein M.W. (kDa)a pla Components

T50
a

overall
(h)

T50
a

first component
(h) Replicates

Disappearance
rate constant

(h−1/2)

I-insulin 5.7 5.32 2 12.9 ± 2.3 6.3 ± 1.2 10 0.145 ± 0.027
I-�-Lactalbumin 14.2 5.01 1 8.3 ± 1.2 NAa 5 0.179 ± 0.018
I-�-Lactoglobulin 17.5 5.2 1 8.0 ± 1.0 NA 6 0.187 ± 0.057
I-Phosvitin 40 3.8–4.1 2 16.6 ± 2.3 10.0 ± 2.7 4 0.132 ± 0.004
I-�-Amylase 58 8.7 2 15.1 ± 2.2 9.4 ± 1.3 6 0.142 ± 0.013
I-Bovine serum albumin 66 4.9 1 10.5 ± 0.7 NA 6 0.158 ± 0.044
I–�-Galactosidase 116 4.5 2 16.8 ± 2.4 10.9 ± 1.6 4 0.140 ± 0.011
I-�-Glucosidase 140 4.46 2 39.5 ± 3.7 10.7 ± 1.3 5 0.093 ± 0.005
I-Alcohol dehydrogenase 140 5.4 2 17.4 ± 5.9 11.1 ± 2.4 4 0.128 ± 0.028
I-Immunoglobulin G 160 5.8–7.3 1 16.3 ± 0.9 NA 2 0.140 ± 0.001
I-Glucose oxidase 180 4.2 1 14.7 ± 0.9 NA 5 0.135 ± 0.002
I-Amyloglucosidase 194 4.6 2 42.8 ± 11.0 15.2 ± 1.5 4 0.094 ± 0.017
I-Concanavalin A 408+ 5.05 2 22.6 ± 2.7 16.5 ± 2.6 6 0.101 ± 0.004
I-Thyroglobulin 669 4.5 1 13.4 ± 1.9 NA 7 0.137 ± 0.007

a MW, molecular mass; pI, isoelectric point; T50, time for 50% disappearance; NA, not applicable.

Fig. 5. Overlay plot for the disappearance of I-BSA in the three types
of Carbopol: Carbopol-1342 NF (�), Carbopol-2001 ETD (�), and
Carbopol-940 (�).
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gregation. Unfortunately, insulin structure after gel incorpo-
ration was not determined at the time of the experiments.

Protein disappearance rates/profiles can be affected by
hydrogen bonding (9,29). An attempt using polytyrosines of
different lengths to circumvent this concern was not attain-
able. It is noteworthy, however, that the isoelectric points (pI)
of the majority of proteins used possessed a pI near 5 before
labeling and would change only slightly on iodination (Table
III). Additionally, varying the salt concentration was not use-
ful because salt lowers carbomer viscosity (12) and can influ-
ence protein disappearance. Changing carbomer composition,
however, resulted in changes in I-BSA retention times when
all other factors remained constant (Fig. 5). Viscosity cannot
be the sole factor because Carbopol-1342 NF and Carbopol-
2001 ETD viscosities were equal to or less than that of Car-
bopol-940 (9,11). A possible reason for the viscosity–
retention discrepancy is cross-linking and backbone structural
differences among the carbomers leading to different rates of
gel deterioration (29), protein–carbomer interactions, poros-
ity, and potential protein aggregation. This is suggested by the
monophasic disappearance of I-BSA from Carbopol-940, bi-
phasic disappearance from Carbopol-1342 NF, and dual
phases from Carbopol 2001 ETD gels. Protein–polymer in-
teractions were not studied using biophysical techniques.

Another possibility for the differences in disappearance
rates among the proteins used (entrapped at 50.0 mg/mL) is a
protein concentration gradient. Smaller proteins would have
a greater molar concentration gradient than those of larger
molecular mass. If the disappearance rate was molar concen-
tration-dependent, the larger molar concentration would de-
liver the protein faster, assuming no protein–protein interac-
tions. To examine this possibility, I-BSA and I-�-
lactoglobulin at two concentrations were used. The Student t
test (� � 0.05) indicates there was no protein molar concen-
tration dependence with I-BSA or I-�-lactoglobulin dispersal.
This may indicate that the disappearance of these proteins
incorporated into 14.14 mg/mL Carbopol-940 is controlled by
gel erosion. A noteworthy observation is that the largest pro-
tein disappearance rate constant was two times greater than
that of the smallest protein (0.187 ± 0.057 vs. 0.094 ± 0.077)
even though the molar concentration of the smallest protein
was at least 50-fold greater than that of the largest protein.
One would conclude that the rate-limiting process for I-BSA
disappearance from Carbopol-940 gel occurs through the
breakdown of the carbomer matrix (10). The proteins did not
follow Fickian or non-Fickian diffusion.

CONCLUSIONS

Previously we showed XRF’s utility as a method to moni-
tor the in vivo disappearance of I-BSA from a Carbopol-940
hydrogel (22). Here we expanded our previous work with
numerous model proteins to assess the protein mass–
disappearance rate relationship. Furthermore, two other com-
mercially available carbomers were incorporated as matrices
to determine their retention capabilities on the model protein
I-BSA. Factors that influence disappearance rates were hy-
drogel concentration, hydrogel composition, and protein
mass. Temperature, solvent, pH, and ionic strength were not
factors because these did not fluctuate during the experi-
ments.
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