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Background. Solid hydrogel polymers can act as res-
ervoirs for controlled drug release. The object of this
study was to quantify release kinetics for a single ex-
ample of a class of uniquely structured hydrogels. The
polymer of this study belongs to a class of permanent
implants that release pharmaceuticals by diffusion
from an entangled cross-linked matrix rather than by
absorption of the implant by the body. The cross-
linkedmatrix (CLM) of this study is biocompatible and
polymerized in situ, forming a solid that is mechani-
cally bonded to the implant site. It can seal tissue as
well as deliver drugs at predetermined rates. We eval-
uated dye and antibiotic egress and assessed release
kinetics and retention of antibiotic activity following
elution from the CLM.

Materials and methods. The prepolymerized test
CLM was prepared in two ratios, 6 and 20% prepoly-
mer, in an activating aqueous solution. Aqueous solu-
tions were prepared from dyes of varying molecular
weights. Aliquots of prepolymerized test CLM were
allowed to solidify and dye release into the superna-
tantwas quantified by spectrophotometry over a 168-h
period. Antibiotic solutions were also employed to
form solid CLMs. Tetracycline release over time was
characterized by spectrophotometry. Antibiotic dosed
solid CLMs were placed on agar plates streaked with
Escherichia coli and incubated.Growth inhibitionwas
assessed for each antibiotic.

Results. In the test CLM, dye and antibiotic release
were found to be inversely related to molecularweight
and consistent with a diffusion model. CLMs formed
from aqueous solutions containing higher molecular
weight dyes and antibiotics released those constitu-
ents more slowly than lower molecular weight constit-
uents. This finding, as well as the effect on release rate
under varying prepolymer concentration, was consis-

tent with a diffusion release mechanism. Antibiotic
released from the tissue sealant was shown to be po-
tent by consistent inhibition of E. coli.
Conclusion. Pharmaceutical release by a represen-

tative CLM was found to be controllable by varying
the concentration of the pharmaceutical in the acti-
vating aqueous solution. The polymerization and re-
lease mechanisms did not degrade antibiotic biologic
activity. CLMsmay be a general class of biocompatible
polymers that can locally deliver clinically useful bio-
logics, the release kinetics of which are unaffected by
the variability of implant absorption/inflammation
mechanisms. © 2002 Elsevier Science (USA)

Key Words: cross-linked matrix; antibiotics; con-
trolled release; drug delivery.

INTRODUCTION

The notion of controlled drug delivery from polymers
was first introduced in 1962 as a method of providing
uniform concentrations of pharmaceuticals to a specific
region for an extensive time period [1]. Controlled drug
release provides localized delivery and lowers the risk
of systemic side effects. Both biodegradable and non-
biodegradable carrier systems have been described, in-
cluding polymethylmethacrylate cement beads, colla-
gen sponges, and polyurethane polymers [2].

Diffusion of molecules from a permanent polymer
implant occurs when the compound is a loosely cross-
linked matrix (CLM). First-order kinetics is observed
in the setting of a reservoir-type polymer lattice [1, 3].

Although hydrogels have been identified as alterna-
tive reservoirs in controlled, local drug delivery, the
release mechanism is typically absorption by the body.
Hydrogels are easily manufactured and they offer flex-
ible cross-linking properties. Some hydrogels take up
generous quantities of water without dissolving [4], but
in doing so swell considerably and dilute the original
constituents. The ideal hydrogel would allow drugs to

1 Dr. Poppas and Dr. Felsen have a financial interest in
Promethean Surgical Devices, supplier of the hydrogel implant of
this study.
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ANALYSIS?

antibiotic was released. Nearly 36% of the tetracycline
was released by 24 h, and the maximal elution at 168 h
was 77%. The overall release of tetracycline from the
20% prepolymer solution was significantly lower (P !
0.001) than release from a 6% sealant solution.

Zone of Inhibition for Tetracycline Released
from a CLM

Having determined that tetracycline could be re-
leased from the CLM, we wanted to determine whether
it retained its biologic activity. Therefore, we utilized a
CLM disk containing tetracycline in an E. coli growth
inhibition assay. Other antibiotics were also tested.
Figure 3 shows a representative section of a nutrient

agar plate streaked with E. coli following 18 h of incu-
bation with control disks and tetracycline-impregnated
CLM aliquots. Tetracycline released from a control
disk (Te) consistently produced a zone of inhibition
(ZOI) of 23 mm, which was within the reference range
of 18–25 mm. Additionally, under ultraviolet light, a
halo of fluorescence was detected at 24 mm for all
samples. The ZOI produced by tetracycline released
from CLM disks, placed on the same plate as the con-
trol disks, was 18 " 0.1 mm. A fluorescent halo was
detected at 20 " 0.2 mm under ultraviolet illumina-
tion. Aliquots of CLM were also positioned on the
plates; there was a 2 " 0.1 mm ZOI surrounding the
tissue sealant. There was no fluorescence detected
around these samples [not shown].

Zone of Inhibition for Antibiotics Released
from a CLM

Control disks containing clindamycin, gentamicin,
cefazolin, vancomycin, penicillin, and ampicillin/
sulbactam were placed on all experimental plates and
each demonstrated a ZOI within its respective refer-
ence range. Clindamycin, penicillin, and vancomycin
had no activity against E. coli, as expected. As seen in
Fig. 4, cefazolin elution from a 6% solution of prepoly-
mer produced a 26 " 0.26 mm ZOI at 18 h of incuba-
tion. Gentamicin diffusion from the 6% solution pro-
duced a ZOI of 23 " 0.25 mm. Ampicillin released from
6% prepolymer created a ZOI of approximately 22 "
0.2 mm. The zones of inhibition for all antibiotics re-
leased from the 20% CLM were significantly smaller
(P ! 0.001) than the zones produced for the 6% mix-
ture.

FIG. 2. Release curves for tetracycline from 6 and 20% prepoly-
mer solutions over time. Values at each time point represent percent
tetracycline release (mean " SEM).

FIG. 1. (A) Dye release from a 6% prepolymer solution over time. Values at each time point represent the percentage of the original dye
released (mean " SEM). Molecular weight ofmethylene blue # 374, crystal violet # 408, and fast green # 809. (B)Elution curves for dyes released
from a 20% prepolymer solution. Values at each time point represent the percentage of the original dye released over time (mean " SEM).
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DISCUSSION

Although progress has been made in the design of
polymeric drug delivery vehicles, identifying an ideal
matrix to provide precisely controlled pharmaceutical
release remains problematic. Several classes of poly-
mers are under investigation as pharmacological res-
ervoir systems. In this investigation, we examined the
drug release characteristics from a CLM hydrogel im-
plant. We demonstrated that a CLM could successfully
deliver antibiotics in vitro and retard bacterial growth.
Furthermore, the release of tetracycline and dyes of
varying molecular weights from a CLM follow first-
order kinetics. Finally, the rate of release from the
polymer matrix can be changed by altering the
prepolymer/aqueous solution ratio. These results sug-

gest that CLMs may be a useful family of hydrogel
polymers that can act as reservoirs for controlled drug
release. When the CLM polymerizes in situ, the im-
plant can provide local delivery as well as adherence to
repair sites.

Interest in characterizing systems that are not ab-
sorbable and release drugs in a controlled manner
grew out of the realization that conventional absorb-
able release mechanisms appear to be variable [1, 3]. In
order to achieve steady, therapeutically efficacious
doses at the target site, numerous polymers have been
examined as delivery vehicles for various compounds.
Initial insight came from study of diffusion specificity
from silicone rubber tubing. Elution from a polymer
matrix represents only one element important for drug
delivery; managing the rate of release from the deliv-

FIG. 3. Nutrient agar plate streaked with sensitive E. coli following exposure to tetracycline-impregnated CLM aliquots. Te, tetracycline
control disk; TCN, tetracycline.
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“WE KNOW THE EQUATIONS”



BOLTZMANN DISTRIBUTION



ARRHENIUS KINETICS
• Most (elementary) reactions follow a temperature dependence that 

is called Arrhenius kinetics:	



!

• In this equation, k is the reaction rate constant, R is the gas constant, 
T is absolute temperature, Ea is the activation energy and A0 is the 
“pre-exponential” factor 	



• The exponential term tells the fraction of molecules that have 
enough kinetic energy to get over the reaction threshold	



•      is related to the rate at which molecules can rearrange internally 
and the number of collisions between molecules for unitary values 
of concentrations.  It is a weak function of temperature. 

k = A0e
− Ea
RT

A0



REACTION RATE W/ TEMP

• You may recall the generalization that reaction rates typically 
double for a change in temperature of 10K	



• While this is a generalization, it is amazingly useful.  We will 
explore why this is the case.



PROBABLE ORIGIN OF 
STATEMENT



CRICKET CHIRP RATES



E-COLI GROWTH RATE



PLANT GROWTH



GEOCHEMICAL REACTIONS



REACTION TIME SCALES FOR 
DIFFERING ACTIVATION ENERGY



REACTION RATE CHANGE 
WITH TEMPERATURE



CATALYZED REACTION 
PATHWAY



INDUSTRIAL CATALYSTS
Industrial catalysts operate in the same nominal rate range



REACTING SYSTEMS

• rate of accumulation of moles of “A” =	



• rate that moles of A flow into the system -	



• rate that moles of A flow out of the system	



• - rate at which moles of A are consumed by reaction

V d  CA

dt
= qinCA,in − qoutCA,out − rAV

 

d  nA
dt

 = n
i

A,in− n
i

A,out−ψ
i

A, reaction

A⎯→⎯ B

V − − −Volume of system
q - - -   volumetric flow rate
C − − −  concentration  moles/volume
r − − −  reaction rate



IF NO INFLOW OR OUTFLOW

!

!

!

!

• Or a more complicated reaction term

V d  CA

dt
= −rAV

d  CA

dt
= −rA

d  CA

dt
= −kCA



RATE EQUATIONS 

!

rA = k    "0 order"
rA = kCA "1st order"
rA = kCACB  "2nd order"
rA = kCA

nCB
m  "n +m order"

rS =
kCsCEz0

Km +Cs

 (Michaelis-Menton)
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REACTION PROGRESS



EXO/ENDO THERMIC 
REACTIONS



RATE EQUATIONS 

!

rA = k    "0 order"
rA = kCA "1st order"
rA = kCACB  "2nd order"
rA = kCA

nCB
m  "n +m order"

rS =
kCsCEz0

Km +Cs

 (Michaelis-Menton)



RATE EQUATIONS FOR 
CHEMICAL REACTIONS



UNIMOLECULAR ISOMERIZATION 
A-->M



EFFECT OF CATALYSTS



EFFECT OF CATALYST ON 
ENERGY PATHWAY



ENZYME CATALYSTS



INDUSTRIAL CATALYSTS



“REAL” (APPARENT) KINETICS 
CAN BE COMPLEX



OTHER RATE EXPRESSIONS



DIFFERENT REACTOR TYPES



TIME SCALES FOR REACTIONS



SIMPLEST PROCESS ECONOMICS
• We might start with a need or desire to produce a certain mass of product per year.	



• Immediately we would do a calculation on the expected revenue from such 
production, $/year	



• The next calculation would be cost to produce	



!

!

• in this equation r is density, V is reactor volume and k is the first order reaction 
constant, “space-time” ~ k	



• If k is too small, then V will be too big for the process to be economical  this is (at 
least at the moment) a problem with cellulosic ethanol.	



• Note that you can increase “k” by increasing temperature, there is a limit because this 
can cost more (unless the reaction is very exothermic) or because the molecules 
decompose.

$
yr

= $
kg

kg
yr

= $
kg

ρVk



SUMMARY
• Reaction kinetics for a very wide range of reactions follow (or roughly follow) Arrhenius kinetics	



• Most important biological reactions need to occur on time scales of seconds and hence have 
activation energies of approximately 20 kcal/mole.  	



• This leads to a doubling of reaction rate in approximately 10 degrees of temperature 
increase	



• While in general, reactions of common components can have arbitrary rates, industrial 
processes need to be profitable, this requires reaction rates on the order of fractions of a sec 
or at least not longer than minutes.	



• Thus most industrially significant reactions use a catalyst which reduces the nominal 
activation energy to be lower that 35-40 kcal/mole.  Many typical reactions occur with an 
activation energy of about 25 kcal/mole.  Again, in the range of typical reaction conditions, a 
10C increase in temperature causes something close to a doubling of reaction rate.	



• Simple process economics can be determined from just knowing the reaction rate (expressed 
as a first order rate constant.)  If the rate is too slow, the reactor volume will be too large for 
the process to be profitable.


