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INTRODUCTION

Many harmful effects of tumor necrosis factor (TNF)
result from chronic formation of this cytokine at certain dis-
tinct loci in the body. The soluble forms of the TNF receptors
p55 and p75, which have the ability to block TNF action by
competing for it with the cell surface TNF receptors (1–4), can
protect against harmful pathological effects of TNF in chronic
inflammatory diseases. Chronic inflammatory diseases are as-
sociated with increased endogenous formation of the soluble
TNF receptors, in part resulting from stimulation of their
synthesis by TNF (5–12). These receptors are formed by pro-
teolytic processing of the cell surface TNF receptors and cor-
respond to the cysteine-rich ligand-binding regions in their
extracellular domains.

Since sp55-R are cleared rather rapidly from the blood,
repeated injections may not maintain them at the required
site, at high enough concentrations. Due to the short half-life
(6 hours) of this protein in-vivo, a controlled delivery system
based on implants of ethylene vinyl-acetate (EVAc) or injec-
tions of microspheres of poly (lactic-co-glycolic) acid (PLGA)
copolymers containing human soluble p55 TNF receptors
(13), could enhance the therapeutic potential of the natural
soluble TNF receptors in chronic diseases.

The objective of this study was to develop a drug delivery
system with the benefits of an implant but the ease of admin-
istration of an injection to the site of need. This delivery
system involves simple preparation procedures and avoids an
invasive technique such as surgery in its implantation or re-
moval. We have developed an in-situ forming implant system
that can be administered as a liquid using standard syringes
and needles. A biodegradable injectable delivery system was
described recently by Dunn et al. (14). Upon contact with

body fluids, the liquid system coagulates to form a solid im-
plant for drug delivery. We looked for materials that have
been approved for human application. We present a system
comprised of a bioactive agent and a water insoluble biode-
gradable polymer (poly lactic-co-glycolic acid, PLGA) dis-
solved in a pharmaceutically acceptable water-miscible sol-
vent (glycofurol). PLGA is a commercially available product
approved by the FDA for human application. Glycofurol has
been used as a solvent in parenteral products for intravenous,
intranasal or intramuscular injection (15–21).

We show that the injectable in-situ-forming controlled
release system used in-vitro (22), is able to increase the
soluble TNF receptor serum concentrations such as occurs in
chronic inflammatory diseases in a controlled manner in-vivo.
Furthermore, we demonstrate that this system can be used as
a long-term protection devise against the harmful pathologi-
cal effects of TNF.

MATERIALS AND METHODS

Preparation of PLGA Formulations

The copolymer PLGA 75:25 (Boheringer, Resomer RG
755, i.v. 0.59 dl/g) was dissolved in glycofurol (a-[(tetrahydro-
2-furanyl) methyl]-w-hydroxy-poly(oxy-1,2-ethanediyl);
Sigma Chemical Co., USA) at room temperature. The pro-
teins were incorporated into the PLGA solution in a dis-
persed form. Powders of sp55-R (the human recombinant
protein, Mw436 kD, produced in Chinese hamster ovary
cells (CHO), InterPharm Laboratories Ltd., Israel), BSA
(Sigma Chemical Co., USA) or a mixture of sp55-R and BSA
(sp55-R/BSA solution containing sp55-R, BSA and 0.5 mM
sodium phosphate buffer, pH 6.0, was freeze dried using a
Labconco Lyph lock-6 freeze-drier) were sieved, yielding par-
ticles of 75–100 mm. The protein particles were dispersed into
a 3 ml PLGA solution in a 15 ml tube using vortex (Press-to-
mix, 34524, Snijders) at maximum speed for 3 seconds and
probe sonication (Model VC-250, Sonics and Material Inc.) at
output 4 (50 W) for 30 seconds, while the solution was kept on
ice.

Determination of the Release Characteristics

In Vitro

In vitro release profiles were obtained by injecting 350 ml
of the suspensions through a needle directly into 10 ml of
phosphate buffered saline (PBS, pH 7.4) contained in a vial
(20 ml capacity) to form a solid device. The study was carried
out at 37°C in a shaker bath. Samples of the release media
were withdrawn periodically and BSA release was quantified
by absorbance at 280 nm using a spectrophotometer (Spec-
tronic Model 1201, Milton Roy Ltd.). sp55-R levels were de-
termined by a 2-site capture Enzyme Linked Immuno Sor-
bent Assay (23). After every sampling the PBS solution was
decanted from the solid device and replaced with fresh PBS.
The amount of protein in PLGA implants reflect the actual
percentage of protein entrapped in the system allowed to age
in PBS as determined by two methods: directly by recovering
the protein from PLGA implants and indirectly by measuring
the residual unentrapped protein in the outer water phase.
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In Vivo

The PLGA-protein solutions were injected into mice
subcutaneously, in the abdominal area. Comparison of the
serum concentrations of human sp55-R in mice injected with
the protein, to the serum concentrations in mice injected with
polymeric formulations was done using Balb/c and Balb/c
nude female mice, aged 8–9 weeks (weighting 20–21 gr).

Effects of the injectable polymeric systems were exam-
ined in experimental mice model for chronic inflammatory
diseases. The model used was for the cachectic effect of TNF.
As reported previously by Oliff et al. (24), nude mice bearing
TNF-producing tumors exhibit severe cachexia, leading to
death. Balb/c nude mice (aged 8–9 weeks and weighing 20–21
gr) were inoculated subcutaneously in the flank area with 0.1
ml PBS containing 1×107 freshly trypsinized CHO cells ex-
pressing the human TNF gene (CHO/TNF cells (25)). Injec-
tions of the PLGA formulations to these mice were per-
formed 5 days after tumor cell inoculation. In two of the
controlled groups, 100 mg/mouse of mouse monoclonal anti-
TNF antibodies (TNF-1, established in the laboratory of
D.W.) were injected intraperitoneally, once (5 days after tu-
mor cell inoculation) or twice with a time gap of one week
(days 6 and 13).

Serum samples were collected periodically after injec-
tions by tail bleeding and via an eye artery, and allowed to
clot; their sp55-R levels were determined by a 2-site capture
Enzyme Linked Immuno Sorbent Assay (23).

RESULTS AND DISCUSSION

In order to obtain a continuous and constant release of
the soluble receptors in-vivo, we designed an in situ forming
biodegradable polymeric delivery system based on PLGA
that contains the human p55 TNF receptor (sp55-R), optimiz-
ing the weight percent of the polymer in solution, ratio of
polylactide to polyglycolide and protein loading level in the
polymer, for maximal rate and duration of soluble receptor
release.

sp55-R is a highly potent receptor, exerting its biological
effects on a nanogram scale. To increase the entrapped pro-
tein mass, bovine serum albumin (BSA), an inert protein that
has no effect on the function of neither TNF nor sp55-R, was
co-entrapped with the soluble receptors (22,26). Figure 1
shows the release profiles of BSA and sp55-R from PLGA
injectable implants, in-vitro (22). The formulation, composed
of PLGA 75:25 containing a mixture of BSA and sp55-R (20:1
weight ratio) at a total protein loading of 3% or 10% (wt.
protein/wt. polymer), exhibited protein burst within the first
day of incubation, followed by a continuous release of the
proteins over the next 20 days. As can be seen the release of
proteins from these implants even at the low loading concen-
tration of 3% is fast in comparison to the degradation of the
PLGA 75:25 copolymer that has a degradation half-life of
months. We therefore propose the protein release from these
implants is controlled by combination of matrix degradation,
diffusion and an osmotic-mediated mechanism induced by re-
sidual entrapped glycofurol. It appears that at low loading
level the osmotic mechanism is the major contributor. At
higher loading levels, BSA acts as a carrier mediating the
continuous release of sp55-R and facilitates the diffusion of
sp55-R by increasing the number of pores in the polymeric

matrix (22). Recently, we showed (22) that variations of the
polymer composition, molecular weight, and concentration
could be used to provide formulations with the desired re-
lease rates and duration of release. Moreover, the biological
activity and stability of the soluble receptors were not lost
during the processing of these devices (22). The next step was
to assess the function of these controlled release systems in
vivo.

Figure 2 shows the sp55-R serum concentration level of
nude mice injected subcutaneously with polymeric formula-
tions containing a mixture of BSA and sp55-R at two different
loading levels of 3 and 10% total protein (wt. protein/wt.
polymer; the concentration of the polymer in glycofurol was
10%). Similar to the in-vitro results presented in Figure 1,
both loading levels exhibited almost the same level of protein
burst within the first day of incubation, followed by more
stable profile of sp55-R serum concentrations. At 10% load-
ing level, sp55-R serum concentration remained constant at a
30–35 ng/ml for 35 days. However, at 3% loading level,
sp55-R serum concentration remained constant only for a pe-
riod of 20 days at a 20–25 ng/ml, and then declined until total
depletion after 28 days.

Subcutaneous injection of polymeric formulations at two
polymer concentrations containing sp55-R into nude mice re-
sulted in constant elevated levels of sp55-R for more than 3
weeks (Figure 3A). Following the initial burst, sp55-R serum
concentration at 6 hours after the formulation injection is
similar for both of the polymer concentrations 10 and 20%.
These results commensurate with the in-vitro results (Figure
3B) which indicated that following the initial burst, there is no
significant effect of the different polymer contents in the in-
jecting formulations on protein release rates.

Fig. 1. Effect of BSA on the release kinetics of sp55-R from PLGA
75:25 devices. Formulation contained 10% polymer in glycofurol by
weight at total protein loading of 10% wt. protein/wt. polymer [BSA
(s), a mixture of BSA and sp55-R at weight ratio of 20:1 respectively
(m), or sp55-R (h)] or 3% wt. protein/wt. polymer [BSA (d), a
mixture of BSA and sp55-R at weight ratio of 20:1 respectively (n),
or sp55-R (j)]. Each point represents the mean of seven samples,
presented with standard deviation bars.
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The release profiles of all studied systems are character-
ized by a typical initial protein burst followed by constant
release rates (Figures 1–3). We propose the protein burst is
due to protein release from the matrices during solidification.
Since injectable implants are administrated as a liquid, it is
reasonable to assume that during the lag time between the
injection and the formation of the solid implant, the proteins
diffuse out causing the burst effect (22). sp55-R serum con-
centrations at 6 hours after injection are similar for the two
formulations with polymer concentration of 10 and 20% as
shown in Figure 3A. When the implants solidify, glycofurol
escapes from the polymer solution, facilitates the migration of
proteins onto the surface of the implants. It appears that a
high polymer concentration (higher viscosity of the injected
solution) limits the diffusion of proteins out of the suspension
during the lag time between the injection and the formation
of the solid implant (i.e. limits the burst effect), as evidenced
by the decrease in initial burst as polymer concentration rises.
In addition, for higher polymer concentration the solution
solidifies faster trapping more proteins in the implant
(reaches faster the solubility limit, when glycofurol escapes
from the solution). However, the long-term release kinetics
after the burst were independent of polymer concentration in
solution as can be seen in Figure 3B.

The solidifying rate of the polymer is crucial to preserve
the controlled release function following the burst, since
slower precipitation might result in a burst of all entrapped
proteins. It can be seen that the initial burst in-vivo is slightly
higher than in-vitro. Since the system was injected subcuta-
neously, decrease of the burst could be achieved by increasing
the speed of injection, which will result in formation of a more
compact structure of the implant. Both the in-vitro and in-
vivo data suggest that the solidifying rate of the polymer can

be also controlled by polymer concentration in the adminis-
tered solution. It is important to note that animals show no
visible signs of discomfort or overt toxicity while the implant
solidified.

To evaluate the utility of the release of the sp55-R from
the polymeric implants as a means of protection against the
pathological effects of chronic exposure to TNF, we examined
the effect of injected implants in an experimental mice model
(Figure 4). The model used was for the cachectic effect of
TNF. As reported previously (24), nude mice bearing TNF-
producing tumors exhibit severe cachexia, leading to death.
Injection of PLGA formulations containing sp55-R into the
tumor-bearing mice (about 7 mg of the receptors per mouse)

Fig. 2. Effect of loading level of protein on sp55-R serum concentra-
tion. 0.05 gr PLGA 75:25 formulations loaded with 3% (s) or 10%
(j) sp55-R together with BSA (wt. protein/wt. polymer; 7.1 or 23.8
mg sp55-R, respectively) were injected subcutaneously into Balb/c
nude mice. BSA/sp55-R weight ratio was 20:1. Polymer concentration
in glycofurol was 10% (wt. PLGA/wt. glycofurol). Each point repre-
sents the mean of the data in group of eight mice, presented with
standard deviation bars.

Fig. 3. Effect of polymer concentration in glycofurol on sp55-R re-
lease. (A) Mice serum concentration of sp55-R and (B) the release
kinetics in-vitro of sp55-R from PLGA formulations following injec-
tions of 0.05 gr formulations polymer (10% wt. PLGA/wt. glycofurol,
sp55-R together with BSA (7.1 mg sp55-R) (s) or 20% wt. PLGA/wt.
glycofurol, sp55-R together with BSA (14.2 mg sp55-R) (j). BSA/
sp55-R weight ratio was 20:1. Proteins loading level was 3% (wt.
protein/wt. polymer). Each point represents the mean of the data in
group of eight mice (A) or samples (B), presented with standard
deviation bars.
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prevented body weight loss (body weight increased naturally)
and mortality was prevented for the duration of the experi-
ment (Figure 4C). No protection was observed when injecting
control polymers, lacking sp55-R (Figure 4A), while the pro-
tective effect of injected anti-TNF antibody persisted for only
a few days (Figure 4B). Even mice injected twice with the
antibody eventually developed progressive wasting and died.
The results in Figure 4 suggested that the biological activity of
the soluble receptors was not lost during the processing of this
delivery approach. Injections of the novel injectable poly-
meric formulations containing the sp55-R into tumor-bearing
mice prevented body weight loss and mortality. As a result
the weight of mice treated with the injectable implants con-
taining sp55-R increased as in healthy mice.

Additional aspect of the developed system is the fact that
when formulated, it maintains a liquid consistency that allows
injection through a needle. The needle diameter is of great
importance, since the thinner the needle the more tolerable
the injection will be, leading to greater acceptance by pa-
tients. The formulations can be injected via needles in the
range of 19-22 gauge depending on the concentration and the
molecular weight of the polymer. These needles are the most
popular needles in use for intramuscular injections of drugs to
humans.

The novel approach presented here demonstrates a de-
livery method for the natural receptors that would success-
fully reproduce the natural phenomenon. Three major fea-
tures of mode of delivery were achieved with this system: (1)
Small amounts of the soluble receptors (far less than needed
for bolus injection) suffice to maintain prolonged and signifi-
cant elevation of their concentration in serum. (2) By modu-
lating key formulation variables like protein loading level and
polymer concentrations, the desired release rate and burst
effect can be achieved. (3) This sustained release system pro-
vides effective protection against pathological manifestations
of chronic exposure to TNF. Since the sp55-R is of human
origin, the delivery of the natural receptors in human would
reproduce more faithfully the way it occurs in nature.

CONCLUSIONS

This work presents a novel approach for sp55-R delivery
system. In this study, we have demonstrated the efficacy of
the injectable polymeric controlled release systems in a ro-
dent model for chronic action of TNF. The results show that

Fig. 4. Effect of sp55-R (A) and of an anti-TNF antibody (B) on the
weight, and of the sp55-R on survival (C) of mice that bear TNF-
producing tumors by injection of polymeric formulation that release
sp55-R. (A, B) Weight and (C) Survival of: healthy Balb/c nude mice
(d); healthy Balb/c nude mice injected with empty polymeric formu-
lation (10% wt./wt. polymer in glycofurol) (h); Balb/c nude mice that
bear a TNF-producing tumor (CHO/TNF), without any treatment
(s); injected with 0.05 gr empty polymeric formulation (10% wt./wt.
polymer in glycofurol) (j); injected with 0.05 gr polymeric formula-
tion (10% wt./wt. polymer in glycofurol, 3% loading of sp55-R to-
gether with BSA [7.1 mg sp55-R]) (n); injected with 0.05 gr polymeric
formulation (20% wt./wt. polymer in glycofurol, 3% loading of
sp55-R together with BSA [14.2 mg sp55-R]) (m); injected with neu-
tralizing monoclonal anti-TNF antibody (100 mg/mouse), once (l) or
twice with a time gap of one week (L). BSA/sp55-R weight ratio was
20:1. Each point represents the mean of the data in group of eight
mice, presented with standard deviation bars.
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the injectable in situ forming biodegradable PLGA system for
the controlled delivery of the sp55-R, presented previously by
in-vitro studies (22), was able to provide long-lasting protec-
tion against the harmful pathological effects of TNF in ca-
chectic mice model. The effectiveness with which they block
TNF action can perhaps be even further augmented using the
injectable implants to specific targets those sites in the body
where TNF is formed (e.g. the inflamed joints in rheumatoid
arthritis, or intrathecally, for blocking the damaging effects of
TNF in degenerative brain diseases, such as multiple sclero-
sis). Furthermore, this system is not limited only to the release
of sp55-R, and may potentially be used to provide controlled
release of other proteins to the site of need in-vivo.
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