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Introduction
Smart radiotherapy biomaterials (SRBs) loaded with radio-
sensitising [like gold nanoparticles (AuNP)] or anti-cancer 
drugs are being developed as viable multifunctional alter-
natives to conventional radiotherapy (RT) biomaterials 
(spacers, fiducials, beacons etc.) for RT applications.1–9 The 
conventional inert RT biomaterials that are routinely used in 
RT have no direct radiotherapeutic contribution; however, 
they are essential for geometric accuracy to ensure reduc-
tion of dose toxicity to neighbouring healthy tissues.1–5,8,9 
The proposed SRBs are new generation of fiducial markers 
or spacers loaded with anticancer agents or radiosensitisers 
like AuNP for in situ delivery (locally inside the tumour) 
for the purpose of increasing radiotherapeutic ratio without 
compromising their primary functions of the conventional 
RT biomaterials.1–5,8 Studies have shown that, after the 
administration of these SRBs, the AuNP/drug-loaded in the 

SRBs are released inside the tumour subvolume, enhancing 
radiation dose during RT applications.1,3,4,10,11 However, 
the extent of dose enhancement depends on the amount 
of drug/nanoparticles (NP) released from the SRBs and 
diffused (drug/NP available) into the tumour cells to sensi-
tise the cancerous cells before/during RT.1 Since the rate 
of drug release from a matrix influences drug pharmaco-
kinetics (movement of drug in the body/tumour resulting 
drug absorption, bioavailability, distribution, metabolism 
or excretion) which correlate to drug performance.12

The challenge is that the NP/drug release time can 
be extended from day(s) to weeks or months before 
sufficiently potent preload in the SRBs are released.1,5 
For example, the experimental work of Nagesha et al 
showed that preload (Doxorubicin) release extended 
to over 3 months.5 As a result, the current reported 
studies suggested that only long-lived radioisotopes (like 
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Objective: To investigate feasibility of using bioer-
odable/bioerodible spacers (BES) over biodegradable 
spacers (BDS) loaded with gold nanoparticles for radi-
otherapy applications with in situ dose-painting, and to 
explore dosimetric impact on dose enhancement ratio of 
different radioisotopes.
Methods: Analytical models proposed were based on 
experimentally reported erosion rate constant (k0 = 5. 
5E-7 kgm− 2s− 1 ) for bioerodible polymeric matrix. An 
in vivo determined diffusion coefficient (2.2E-8 cm2/s) 
of 10 nm gold nanoparticles (AuNP) of concentration 
7 mg/g was used to estimate diffusion coefficient of 
other AuNP sizes (2, 5, 14 nm) using the Stoke–Einstein 
diffusion equation. The corresponding dose enhance-
ment factors (DEF) were used to study dosimetric feasi-
bility of employing AuNP-eluting BPS for radiotherapy 
applications.

Results: The results showed AuNP release period from 
BES was significantly shorter (116 h) compared to BDS 
(more than a month) reported previously. The results 
also agree with reported Hopfenberg equation for a 
cylindrical matrix undergoing surface erosion. The DEF 
at tumour distance 5 mm for Cs-131 (DEF > 2.2) greater 
than that of I-125 (DEF > 2) and Pd-103 (DEF ≥ 2) 
could be achieved for AuNP sizes (2, 5, 10, and 14 nm) 
respectively.
Conclusion: Our findings suggested that BES could be 
used for short-lived radioisotopes like Pd-103 and Cs-131 
in comparison to eluting BDS which is feasible for long-
lived radioisotopes like I-125.
Advances in knowledge: The study provides scientific 
basis for development of new generation eluting spacers 
viable for enhancing localized tumour dose. It concludes 
that BES gives higher DEF for Cs-131, and good candi-
date for replacing conventional fiducials/spacers.
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iodine-125 (I-125) of half-life 59.4 days), would be good candi-
dates for brachytherapy procedures due to the time it takes for 
the preload (NP/drug) to release from the SRBs.1,3 However, 
the rate of release of the preload (NP/drug) from the SRBs may 
depend on the complexities of the polymeric materials (like 
chitosan, poly(d,l-lactic-co-glycolic acid) (PLGA), etc.) used 
for fabrication of SRBs, and the fabrication method (compres-
sion, melt molding, spray-drying etc.).1,13–16 For instance, 
studies have shown that complex phenomena such as polymer 
degradation, erosion, swelling etc. influence preload release 
from polymeric implants like SRBs.1,13,14,17 In our previous 
study, we explored the effect PLGA degradation process on 

preload release pattern from the spacers and recommended 
that preload release time should be accounted for during treat-
ment planning.1 SRBs made from biodegradable polymers 
(such as PLGA) are potential vehicle for loading anticancer 
chemotherapy agents or radiosensitisers, due to their high 
initial burst release rate in comparison to other biodegradable 
polymers.1 However, the initial burst release might take days 
or week(s),1,18 which possess a challenge for the application of 
short-lived radioisotopes like Palladium-103 (Pd-103) of 17.0 
days half-life and Cesium-131 (Cs-131) of half-life 9.7 days.1 
Since studies have shown Cs-131 seeds deliver a higher biolog-
ical effective dose across a wide array of tumour types than 

Figure 1. Schematic diagram showing comparison between biodegradable and bioerodable/bioerodible polymeric AuNP-eluting 
spacers. (A) BDS (PLGA polymeric spacer degradation, as indicated in Boateng and Ngwa,1 Figure 1D); (B) Erosion of BES loaded 
with AuNP; (C) Erosion of BES coated with AuNP. AuNP, gold nanoparticles; BES, bioerodible spacers; BDS, biodegradable spac-
ers; PLGA, poly(d,l-lactic-co-glycolic acid).
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I-125 or Pd-103,19 it is appreciable to have eluting spacers that 
could release preload within hours or short period.

Nevertheless, other studies have shown that biologically eroding 
polymers (bioerodable20,21 or bioerodible22–25 polymers) such 
as polyanhydride have a great prospect for drug delivery in a 
short period (hours),23,26–28 and offer substantial drug delivery 
enhancements over orthodox delivery techniques.27 Bioerod-
able/bioerodible polymers are polymers that undergo erosion 
phenomenon (surface or bulk) in vivo instead of degradation 
phenomenon (Figure  1) based on biological environmental 
conditions (either influenced by hydrolysis or microorganisms 
or both).16,29–31 Polymer erosion is the process of loss of materi-
al(s) from the polymer implant/matrix bulk.29 This material loss 
may be oligomers, monomers, or portions of the polymer back-
bone or fragments of the polymer matrix bulk.29 Bulk erosion 
is a homogeneous process in which polymer matrix erodes 
(inside-out) in a macroscopic scale,29,32–36 which involve the 
entire matrix.33 That is bulk erosion result mass loss of mate-
rial form the entire matrix,29,30,34,35 whereas, surface erosion 
is a heterogeneous process in which polymer matrix erodes 
(from outside to inward) in a microscopic scale.29,33,35 Thus, the 
polymer matrix/implant loses material in a small scale from the 
surface (exterior) only, keeping the original geometric shape 
(Figure 1B) whiles the implant get smaller and smaller until the 
whole implant erodes.16,17,30,33,34 The degree of bulk or surface 
erosion may drastically vary with the chemical structure of the 
polymer backbone.16 However, surface eroding polymers like 
polyanhydrides, poly(ortho esters), poly(desaminotryrosyl 
arylates),21 cellulose acetate phthalate and Pluronic F-127,23 
offer a constant drug release rate which is comparable (i.e. 
directly proportional) to polymer matrix erosion.23,32 Studies 

have shown that drug release rate from these bioerodible 
polymers are reproducible and regulated,16,23,26 which would 
be suitable for designing SRBs for delivery of radiosensitizers 
like AuNP for dose enhancement during RT. Studies have also 
shown that polyanhydrides, for instance, are of great impor-
tance in drug delivery due to the fact that there is no reported 
evidence of inflammatory reaction, and they degrade well both 
in vitro and in vivo to acid byproducts as non-cytotoxic and 
non-mutagenic which does not need surgical removal after 
implantation from the tumour site.26,27,32,37 Implants such as 
Septacin (for local delivery of antibiotic to infected bone) and 
Gliadel (clinically used for treatment of brain cancer) which 
have been evaluated clinically are examples of implants made 
from polyanhdrides.26,28,38

Herein, we explore the feasibility of using bioerodable or bioerod-
ible polymers to fabricate SRB (e.g. spacer, see Figure 1B and C) 
loaded with gold nanoparticles (AuNP) for in situ dose painting, 
and to investigate dosimetric impact on dose enhancement ratio 
in RT applications (schematic diagram for prostate brachytherapy 
as an example is shown in Figure 2 below). In this study, surface 
bioerodable polymeric spacers (BES) were compared to biodegrad-
able spacers (BDS) as we previously reported,1 to provide scien-
tific platform for fabrication of novel spacers for RT applications. 
Surface-eroding eluting spacers were evaluated as good candi-
dates for brachytherapy application of short-lived radioisotopes 
like Pd-103 and Cs-131. Simplified models proposed for surface 
bioerodible spacers or implants based on experimental reported 
data were compared to Hopfenberg equation for a cylindrical 
matrix undergoing surface erosion.39 This in silico study can also 
be useful to drug delivery field for guiding the design of surface 
erosion-controlled release implants.

Figure 2. Schematic diagram of AuNP-eluting erodible spacers for Brachytherapy Application (e.g., Prostate tumour volume). 
AuNP,gold nanoparticles.
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Methods and materials
Analytical models for surface eroding spacer were proposed 
based on the experimentally determined erosion rate constant 
(k0 = 5.5E-7 kgm−2s−1).40,41 Also, an in vivo pre-determined 
tumour diffusion coefficient D (D = 2.2E-08 cm2/s) for 10 
nm AuNPs of concentration 7 mg/g,42 was used to deter-
mine diffusion coefficient of other AuNP sizes (2, 5, 14 nm), 
using the Stoke–Einstein diffusion equation1,3. The dosimetric 
impact (dose enhancement ratio) of solid loaded bioerod-
able/bioerodible spacer was compared to conventional spacer 
coated with a mixture of bioerodible polymer and AuNP, as 
well as biodegradable spacer of the same dimensions, using 
different radioisotopes (e.g. I-125, Cs-131, and Pd-103) for 
brachytherapy applications. The spacer loaded with AuNP 
have dimensions of 2.0 mm diameter and length of 5.0 mm.4,43 
The coated spacer has the same dimensions (but inner radius 
a = 0.5 mm, outer radius b = 1 mm, and length 5 mm like 
commercial spacers)4 as the solid loaded spacer. A Matlab 
R2015a software was used for calculations and plotting of the 
graphs. The schematic diagram of bioerodible/bioerodible 
spacer application in brachytherapy is shown Figure 2 below. 
The mathematical models derived are outlined below.

ModelLing bioerodable spacers for 
radiotherapy applications
Considering a bioerodable or bioerodible cylindrical spacer 
(Figure 2 above) of radius R, length H, eroding at constant rate 
k0, loaded with AuNP/drug of initial concentration C0, uniformly 
distributed in the spacer (i.e. concentration C = C0, for x ≤ r≤R, 
at time t), then the rate at which the spacer is eroding (change in 
radius) may be expressed as39,44;

	﻿‍
dr
dt = − k0

C0 ‍� (1)

Integrating eqn. (1) with respect to the radius R and x resulted an 
expression given by39,44;

	﻿‍ x = R− k0t
C0 = R

(
1− k0t

C0R

)
‍� (2)

where R is initial radius of the spacer, x is the new radius of the 
eroded spacer (spacer remained as shown in Figure 2 above) 
at time t.39,44 Therefore, we provided a simplified approach for 
deriving the Hopfenberg equation,39 for a cylindrical matrix 
undergoing surface erosion (the radius reducing inwardly). 
The amount of AuNP/drug released from the spacer into 
space–tumour interface at any time t, may be expressed as45;

	﻿‍
Mt = πR2HC0 − 2πH

ˆ x

0
C0rdr

‍�
(3)

Integrating eqn. (3), and substitute eqn. (2), we obtained;

	﻿‍
Mt = πR2HC0 − πHx2C0 = πR2HC0

[
1−

(
1− k0t

C0R

)2]

‍�
(4)

Since amount of AuNP/drug releasing from a cylindrical spacer/
matrix at infinity (time, t = ∞) M∞, is given by46;

	﻿‍ M∞ = πR2HC0‍� (5)

Substituting eqn. (5) into eqn. (4), we obtained Hopfenberg 
model for a cylindrical matrix undergoing erosion39, expressed 
as;

	﻿‍
Mt
M∞ = 1−

(
1− k0t

C0∗R

)2
‍� (6)

where Mt and M∞ is the amount of preload (AuNP/drug) released 
at time t, and at infinity (time, t = ∞) respectively. However, on 
average, the concentration profile of AuNP/drug releasing from 
the erodible cylindrical spacer may be expressed as45;

	
‍
CR

(
t
)
= 1
πR2H

2πˆ

0

xˆ

a

Ĥ

0

rC0dzdrdθ = 2
R2

C0

ˆ x

R
rdr = C0

R2
[
R2 − x2

]

‍
� (7)

Substitute eqn. (2), into eqn. (7), we obtained;

	﻿‍
CR

(
t
)
= C0

[
1−

(
1− k0t

C0R

)2]

‍�
(8)

where CR(t) is the concentration of AuNP/drug released from 
a cylindrical spacer eroding radially at time t, the meaning of 
other parameters remains the same. However, if erosion occur at 
both radial and laterally concurrently, then the rate at which the 
length of spacer is eroding (L ≤ z≤ H, at time t, at constant rate 
kz), may be expressed as;

	﻿‍
dz
dt = − kz

C0 ‍� (9)

Integrating eqn. (9) with respect to the initial length H, and 
eroded length L, assuming the rate kz is equal to k0, for simplicity. 
Then the resulted expression will be given by;

	﻿‍ L = H− kzt
C0 = H− k0t

C0 = H
(
1− k0t

C0H

)
‍� (10)

where L is the length of eroding spacer remaining at time t. 
Subsequently, the total of amount of AuNP/drug released form 
cylindrical spacer eroding at time t, may be expressed as;

	﻿‍

Mt = πR2HC0 −
´ 2π
0
´ x
0
´ L
0 rC0dZdrdθ

= πR2HC0 − 2πLC0
´ x
0 rdr = πR2HC0 − πx2LC0‍�

(11)

Substituting eqn. (2), eqn. (6) and eqn. (10) into eqn. (11), we 
obtained;

	﻿‍
Mt
M∞ = 1−

(
1− k0t

C0R

)2 (
1− k0t

C0H

)
‍� (12)

The eqn. (12) is similar to expression obtained by Katzhendler et 
al for surface erosion via radial and axial directions.44 Hence, the 
corresponding concentration profile CH(t), for a spacer eroding 
on both radial and lateral surfaces based on eqn. (11) & (12) is 
given by;
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	﻿‍
CH

(
t
)
= C0

[
1−

(
1− k0t

C0R

)2 (
1− k0t

C0H

)]

‍�
(13)

For a longer cylindrical spacer/matrix (H >> R), as the length H 
approaches infinity, then eqn. (12) reduces to eqn. (6), and eqn. 
(13) becomes eqn. (8) respectively. Thus, for a long length, the 
erosion constant rate kz becomes insignificant.

ModelLing biodegradable spacers for 
radiotherapy applications
A simplified model governing NP/drug release from the biode-
gradable polymeric spacer (e.g. PLGA spacer) as a result of both 
diffusion and polymer degradation kinetics due to initial burst 
release followed by a sustained release via diffusion process, was 
previously proposed, given by1 ;

	
‍

CB
(
t
)
= C0∗{

FI ∗
[
1− exp

(
−kdt

)]
+ FD ∗

[
1− 4

R2
∞∑
n=1

1
α2n

exp
(
−α2

nD0t
)]}

‍
� (14)

where CB(t) is the total AuNP concentration released from 
eluting spacer to the spacer–tumour interface, C0 is the initial 
AuNP concentration originally loaded in the spacer at time t = 
0, kd is first degradation rate constant for initial burst release (kd 
= 0.1076 1/day), FI is the fraction of NP released as a result of 
initial burst, and FD is the fraction of NP released via diffusion 
process; FI +FD =1, R is the radius of a spacer (cylindrical) as 
shown in Figure 1, D0 is the diffusion coefficient of the AuNPs 
released from the spacer,1 and αn (α1 = 2.4048/R, α2 = 5.5201/R, 
α3 = 8.6537/R, etc.) are roots (J0(x) = 0) of Bessel function of first 
kind of zero order.1,45

TumoUr drug/AuNP Diffusion Model
From our previous study,1 the AuNP/drug diffusing into the 
tumour cells may be expressed as1;

	﻿‍
CT

(
x, t

)
= CS

(
t
)
∗
[
1− erf

(
x

2
√
DTt

)]
‍� (15)

where x is the tumour distance, DT is the diffusion coefficient of 
NP/drug in the tumour, C(x,t) is the concentration of AuNP in 
the tumour cells at any time t, and CS(t) is the total concentra-
tion of GNP released from the spacer into the spacer–tumour 
interface via erosion-controlled release process CS(t) assumed to 
be zero (CS(t)=0, at time t = 0,) prior to diffusion of the preload 
into the tumour volume. However, the value of CS(t) at any time 
t, depends on the amount of AuNP released from the eroding 
spacer (radially, or both radial and lateral); i.e., CS(t)=CR(t), CH(t), 
or CB(t) depending on equation (8), (13) or (14) respectively.

Results
As illustrated in Figure  3 below, the study results show the 
release of AuNP from erodible spacers, based on well reported 
Hopfenberg equation (eqn. (6, see Figure 3a)) for a cylindrical 
matrix undergoing surface erosion,39 which has been experi-
mentally confirmed in the literature.26,44 Using erosion constant, 
k0 = 5.5E-7 kgm−2s−1 with spacer dimensions (radius, R = 0.5 

mm, length, H = 5 mm; volume = 2πR2H) loaded with 10 nm 
AuNP of concentration 7 mg/g as an example. Figure 3a shows 
the cumulative fractional amount of AuNP released in hours 
(116 h ≈ 5 days) based on Hopfenberg equation (eqn. (6)). The 
corresponding concentration profile (based on the proposed 
models, eqn. (8)) shown in Figure 3b, indicating the amount of 
GNP released in a specified period in comparison to its frac-
tional amount released based on eqn. (6). Thus, Figure 3a and 
b show that the AuNP release period for bioerodible eluting 
spacers is shorter (hours) in comparison to the release period 
in over a month for biodegradable polymeric spacers reported 
in the literature.1,5 For instance, Figure 3e shows about 60 days 
release period for biodegradable space (using eqn. (14)), having 
the same dimensions as bioerodible spacer. However, Figure 3c 
shows comparison between spacers eroding radially (eqn. (8)), 
and spacers eroding both radially and laterally (eqn. (13)). The 
solid-line in Figure 3c shows surface erosion occurring radially 
using eqn. (8), whereas the dash-line indicates surface erosion 
occurring both radially and laterally (along the length) using 
eqn. (13) respectively. Figure  3c also, shows that for a longer 
release time, the eqn. (13) becomes equal to eqn. (8), but differ 
for a short period. However, Figure  3d shows comparison 
between commercial spacer coated with a mixture of erodible 
polymer and AuNP (Coated erodible spacer, see Figure 1c), and 
spacers made from a mixture of erodible polymer and AuNP 
(Solid loaded erodible spacer, Figure 1b). Figure 3d shows that 
for two erodible spacers (coated (Figure 1c), and solid spacers 
(Figure  1b)) with the same dimensions. The coated spacers 
have potential of releasing content quicker (about 100 h) than 
the solid loaded spacer (116 h), due to the difference in diame-
ters. Thus, coated erodible spacer have inert inner radius equal 
to the radius (0.5 mm) of the conventional commercial spacer 
with no AuNP confined within. The AuNP in the coated spacers 
are confined within a smaller radius in comparison to the solid 
spacer. Therefore, assuming the same constant erosion rate, the 
coated spacers was expected to release its content/preload faster 
than solid spacer as shown Figure 3d.

However, Figure 4 below demonstrates, the dose enhancement 
factor (DEF; the ratio of dose with AuNP to dose without AuNP) 
as a function of time at a tumour distance 5 mm from an erodible 
spacer loaded with different AuNP sizes (2, 5, 10, and 14 nm) of 
tumour diffusion coefficient of 11 × 10−8, 4.4 × 10−8, 2.2 × 10−8, 
and 1.5 × 10−8 cm2/s respectively; which were determined from 
the diffusion coefficient of the 10 nm AuNP using Stoke–Einstein 
diffusion equation1,3. It can be seen in Figure 4 that Cs-131 has 
a higher DEF (>2.2) than I-125 (DEF >2) and Pd-103 have DEF 
≥2 for all AuNP sizes (2-, 5-, 10-, and 14 nm) considered in this 
study as illustrated below.

Discussion
The results shown in Figure 3 above, demonstrated that bioerod-
able/bioerodible smart spacers can release preload (AuNP/drug) 
in a short period (in hours or few days) in accordance with Hopfen-
berg equation for cylindrical erodible matrix (eqn. (6)). This can 
be useful for delivering anticancer drugs or radiosensitisers to 
enhance RT efficacy, especially for short-lived brachytherapy 
seeds/radioisotopes (e.g. Cs-131 or Pd-103). The results also 
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confirm the experimental results reported that erodible poly-
mers like Polyanhydrides are appropriate for short-term delivery 
of bioactive agents.26,44 Thus, in vivo and in vitro release-charac-
teristics of a wide-range of drug and proteins like insulin, growth 
factors, enzymes etc. imbedded in Polyanhydrides implants 
have been reported.16 For instance, drug (amoxicillin) released 
from hydroxypropyl methylcellulose tablets were described as a 

controlled release exclusively by erosion of the tablets,44 which 
occurred in hours depending on the tablets sizes. Therefore, our 
study results suggest that it is feasible to use drug/NP-loaded 
erodible brachytherapy spacers for brachytherapy applications 
for both short and long-lived radioisotopes depending on the 
design in comparison to degradable spacers which is feasible for 
only long-lived radioisotopes as we reported previously.1 Thus, 

Figure 3. A release profile for 10 nm AuNP (concentration 7 mg/g) released from eluting-spacer; (a) Cumulative Amount of AuNP 
released using Hopfenberg equation (eqn. (6)), (b) Concentration profile for a solid erodible spacer using eqn. (8), (c) Concentra-
tion Profile for solid erodible spacer loaded with AuNP using eqn. (8) & (13), (d) Concentration profile comparing coated erodible 
spacer to solid erodible spacer with AuNP using eqn. (8), (e) Concentration profile of biodegradable spacer loaded with AuNP, 
using eqn. (14). AuNP,gold nanoparticles.
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Figure 4 shows dosimetric feasibility of using erodible spacer for 
both short- and long-lived radioisotopes due to the short AuNP 
release time from the erodible spacers. Since Cs-131 has a higher 
DEF than that of I-125, it is advisable to employ erodible smart 

spacers for brachytherapy application with in situ dose painting. 
Other studies have shown that in 33 days, Cs-131 delivers about 
90% of the prescribed dose to the tumour compared to 32% for 
I-125.47 Making it significant to employ smart spacers to enhance 
the delivery dose within short period, eliminating the possibility 
of recurrence or sublethal radiation dose delivery to tumour.

However, surface erosion process was preferred over bulk erosion 
in this study due to the reported short drug release time from 
surface-eroding polymers in comparison to bulk-eroding poly-
mers (like poly(ester), poly(d,l-lactic acid), poly(glycolic acid), 
poly(Ɛ-caprolactone), polyamide, proteins, and cellulose (and its 
derivatives).16,17,29,31,35 Thus, bulk erosion takes a long time without 
eroding until the polymer matrix spontaneously erode (erupt 
inside-out), with mass loss of material from the bulk matrix, making 
it unclear how to determine the polymers matrix erosion in one 
way or the other.31,35 Studies also have shown that surface eroding 
matrices are mostly appropriate for sustained release and for drug 
preservation.27 It should be emphasized that, the surface erosion 
phenomenon displayed by bioerodible polymeric implants can be 
modulated by tailoring the implant/spacer to produce controlled 
release profiles of preloads which are predictable, and that can vary 
from hours to days, weeks or months, dependent on the chem-
istry of the polymer used.27,37 Thus, the zero-order release kinetics 
exhibited by erodible polymers could be prolonged from week to a 
month, for sustained release of preload (NP/drug) by combining 
erodible polymers (e.g. polyanhydrides) with different erosion rates 
to obtain the desired results.27,44 For instance, studies shew that 
drug release rate from implants made from polyanhydride could 
be altered over a thousand times by varying the polymer back-
bone.32 The extent of surface erosion can be altered by changing the 
surface area of the matrix or reducing water uptake by using poly-
mers with hydrophobic monomer units, or by adding hydrophobic 
excipients to stabilize the matrix erosion rate.16 Though, the erosion 
rates of erodible polymers can be controlled by varying composi-
tion of polymers (as the hydrophobicity of monomer increases, the 
anhydride bond becomes more stable to hydrolysis), the degree 
of erosion depends on the polymer type. For example, aliphatic 
polyanhydrides erode within days while aromatic polyanhydrides 
erosion can be extended to many years.16

However, polymer erosion process contends with other mech-
anisms like diffusion for dominion. When erosion is faster 
than other processes like diffusion, then drug release becomes 
erosion-controlled.30 Since polymer erosion is a very complex 
phenomenon, other processes such as dissolution, swelling, degra-
dation, and diffusion of oligomers and monomers, as well as 
morphological changes of the polymeric matrix may occur concur-
rently during polymer erosion.33,37,48 Drug delivery via erosion 
controlled-release processes allow drug release to be predictable, 
but when other process(es) is/are considered, it is difficult to take 
into account all the processes in erosion controlled released quan-
titatively.30 Besides, drug release rate agrees with complete polymer 
matrix erosion which is suitable for polymer biocompatibility, and 
biodistribution.30

Nevertheless, the mathematical models provided can precisely 
predict release profile of preload incorporated in surface erodible 

Figure 4. DEF as a function of time at a distance of 5 mm 
from erodible spacer eluting AuNP of different sizes with 
AuNP concentration of 7 mg/g; a) Cs-131 source (seed), (b) 
I-125 source, (c) Pd-103 source. AuNP,gold nanoparticles; DEF, 
dose enhancement factor.
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spacers and matrices for drug/NP delivery, since these models are 
comparable to Hopfenberg equation for a cylindrical matrix under-
going surface erosion,30 which have been confirmed by experi-
mental results.23,44 This implies, the models can be useful for drug 
delivery fields, and can be used to predict the release profiles of one 
or multilayered drug-loaded matrices. For instance, the cumula-
tive drug release model for radial surface erosion (eqn. (6), with a 
corresponding concentration model, eqn. (8)), and the model both 
radial and lateral erosion (eqn. (12), with corresponding concen-
tration model, eqn. (13)) have been successfully verified exper-
imentally for erodible tablets by Katzhendler et al.44 Therefore, 
drug-loaded spacers/fiducial markers proposed for biological in 
situ dose painting, to enhance therapeutic efficiency during image-
guided radiation treatments,5 can be replaced with erodible spacers 
that undergo both radial and lateral erosion with reference to eqn. 
(13). It should be noted that, the diffusion model (eqn. (15)) do 
not account for tumour environment, which might affect the rate of 
diffusion of the released AuNPs into the tumour. Our future studies 
will be focused on AuNP tumour diffusion and the subsequent 
effect on concentration with respect to different tumour types.

The purpose of this study was practically to provide a platform 
that guides experimental approach for designing suitable surface-
eroding spacers loaded with radiosensitizing anticancer agents 

for in situ delivery of the agents during RT applications. Also, to 
encourage other researchers to independently investigate (in vivo 
and in vitro) the feasibility of using surface erodible polymers (e.g. 
polyanhydrides, poly(ortho esters), etc.) and their copolymers 
appropriate for RT applications. Successful development of such 
technologies can lead to clinical trials, replacing currently used 
inert RT biomaterials with erodible SRBs. The erodible spacers can 
be designed to release preload (drug/nanoparticles) from hours to 
days, weeks or months for specific applications in RT, and a good 
replacement for the conventional inert spacers or fiducials.

Conclusion
The results highlighted therapeutic advantage of bioerodable/
bioerodible smart spacers over biodegradable spacers, in that the 
preload release period from erodible smart spacer was shorter 
(116 h). The results correlate with the experimental results of drug 
release from erodible matrices in hours reported in the literature. 
The findings suggest that erodible AuNP-eluting spacers can be 
employed for short-lived radioisotopes like Pd-103 and Cs-131 as 
well as long-lived radioisotopes like I-125 in comparison to biode-
gradable eluting spacers feasible for only long-lived radioisotopes. 
The results also highlighted the therapeutic advantage of Cs-131 
which offers highest dose enhancement than I-125, and Pd-103 
respectively.
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