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Polyanhydrides are emerging as a new class of biode-
gradable polymers for drug delivery.1-3 The degradation
of polyanhydride delivery systems is largely through
surface erosion, potentially leading to zero-order release
of encapsulated drugs.4,5 Recently, the Food and Drug
Administration has approved the use of the polyanhydride
poly[sebacic acid-co-1,3-bis(p-carboxyphenoxy)propane] to
deliver drugs for treatment of brain cancer.6 This is one
of the few examples where an implantable synthetic
degradable polymer has been approved for human use. The
use of polyanhydride polymers in oral delivery of insulin
and genes further broadens the scope of their applications
in drug delivery.7 Despite numerous studies on polyan-
hydrides, the compositions thus far developed do not have
the capability to target specific organs or cell types. To
achieve this goal, it would be important to have an
approach that could enable the chemical functionalization
of microspheres to allow the attachment of targeting
ligands (e.g. antibodies, etc). The recognition of ligands
on the surface of delivery systems by organ-specific or cell-
specific receptors may result in organ-targeted drug deliv-
ery8,9 or in improved drug uptake through ligand-induced
endocytosis.10,11 Here we describe a one-step procedure to
covalently modify the surface of poly(sebacic acid) (pSA)12
microspheres with ligands containing amino groups. Amino
groups react with the anhydride groups on the surface of
microspheres, which results in covalent attachment through
an amide bond (Scheme 1).
Experimental SectionsMaterialsspSA was synthe-

sized from sebacic acid following a published procedure.12
L-Argininamide dihydrochloride and guanidine hydrochlo-
ride were purchased from Sigma. N-(5-Aminopentyl)-
biotinamide, 6-((biotinoyl)amino)hexanoic acid, and fluo-
rescein-conjugated avidin were purchased from Molecular
Probes (Eugene, Oregon). The pSA (Mw ) 34 kDa) micro-
spheres (mean diameter ) 24 ( 1 µm) were formed by
solvent evaporation.13
Surface Modification of Microspheres by Arginin-

amidesThe pSA microspheres (30 mg for each concentra-
tion of argininamide) were suspended in solutions contain-
ing different concentrations of argininamide (0, 0.40, 1.2,
4.0, 12, and 40 mM, 2 mL each) in borate buffer (0.20 M,
pH 9.0) at room temperature. After 15 min, the surface
modification was stopped by acidifying the solution to ∼pH
6 by addition of acetate buffer (0.20 M, pH 5.0, 5 mL).14

The microspheres were collected after centrifugation (10 000
rpm for 10 min) at 4 °C, washed with 2 M aqueous NaCl,
distilled water (twice), and ethanol, and dried in vacuo. The
surface density of argininamide was analyzed by X-ray
photoelectron spectroscopy (XPS), and its bulk concentra-
tion was analyzed by 1H NMR (400 MHz) of microspheres
dissolved in CDCl3. The size of the microspheres was
measured by a Coulter Multisizer (Coulter Electronic
Limited, Luton, U.K.).
Guanidine Hydrochloride ExperimentsThe pSA micro-

spheres (20 mg) were suspended in 30 mM guanidine
hydrochloride solution in borate buffer (0.20 M, pH 9.0, 2
mL) at rt. After 15 min, acetate buffer (0.20 M, pH 5.0, 5
mL) was added. The microspheres were collected, washed
with 2 M NaCl, distilled water (twice), and ethanol, and
dried in vacuo.
Self-Assembled Monolayer (SAM) ExperimentssThe gold

substrates were prepared by e-beam evaporation of 5 nm
of titanium and 200 nm of gold to a single-crystal silicon
wafer in a deposition chamber. The gold-coated wafers
were cut into ca. 1 cm × 2 cm pieces and self-assembled
monolayers (SAMs) were formed by immersing the gold
substrates in an ethanolic solution of 16-mercaptohexade-
canoic acid (2 mM, 10 mL) at room-temperature over-
night.15 One sample was used as an unmodified control.
Two other samples were soaked in 10 mM argininamide
solution in borate buffer (0.20 M, pH 9.0) at rt. After 15
min, one sample was taken out and blown dry by Dust-Off
(Falcon Safety Products, Inc., NJ). The other sample was
washed by 2 M aqueous NaCl and distilled water (twice)
and finally blown dry. XPS analyses showed nitrogen
signals in the unwashed SAM sample but not in the
washed SAM sample nor the control sample (data not
shown).
The carboxylic acid groups on the SAMs were further

transformed to interchain anhydrides using trifluoroacetic
anhydride following a literature procedure.15 The resulting
SAM sample was soaked in 10 mM argininamide solution
in borate buffer (0.20 M, pH 9.0) at rt for 15 min. The
sample was washed by 2 M aqueous NaCl and distilled
water (twice) and blown dry. XPS analyses showed the
appearance of nitrogen signals.
Avidin Binding to the Surface of Biotin-Attached pSA

MicrospheressThe pSA microspheres (10 mg) were sus-
pended in a solution ofN-(5-aminopentyl)biotinamide (10.0
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Scheme 1sSurface modification of pSA microspheres with ligands con-
taining amino groups via amide formation.
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mM) in borate buffer (0.20 M, pH 9.0, 2 mL) at rt. After
15 min, acetate buffer (0.20 M, pH 5.0, 5 mL) was added.
The microspheres were collected, washed with 2 M NaCl,
distilled water (twice), and ethanol, and dried in vacuo.
Then these microspheres were suspended and mixed in a
solution of fluorescein-conjugated avidin (0.5 mg/mL, 2 mL)
in phosphate-buffered saline (PBS, pH 7.4) at rt. After 30
min, the microspheres were collected, washed with PBS
and distilled water and dried in vacuo. In the control
experiment, the identical procedure was applied to 6-((bi-
otinoyl)amino)hexanoic acid (replacing N-(5-aminopentyl)-
biotinamide). The microspheres were analyzed by fluores-
cence microscopy (λex ) 480 nm, λem ) 520 nm).
Results and DiscussionsAttachment of argininamide

introduced a new element, nitrogen, into the otherwise
carbon, oxygen, and hydrogen environment of the pSA
surface, thereby providing a basis for determining the
extent of surface modification by N analysis. We chose
argininamide as the model ligand because it has a free
amino group for covalent attachment and its high nitrogen
content (5 nitrogen atoms out of 12 total non-hydrogen
atoms) enhances its detection on the surface by XPS. XPS
determined the surface density of argininamide by analyz-
ing the nitrogen percentage (N%) on the pSA surface
(Figure 1A). Atomic sensitivity factors were used to correct
the different values of photoelectric cross-sections for
different nuclei during the data analysis. The value of N%
increased with the concentration of argininamide ([arginin-
amide]) in the reaction solution, and it reached a plateau
as [argininamide] approached 12 mM (Figure 1B). The

observed maximum value of N% was 3.9%, corresponding
to 10 mol % of argininamide based on each repeating unit
of pSA (i.e. one out of 10 repeating units of pSA reacted
with argininamide).16
The surface-modified pSA microspheres were dissolved

in CDCl3, and the bulk concentration of argininamide was
examined by 1H NMR. Due to the tiny quantities of
argininamide in solution, 1H NMR was not able to detect
its proton signals (e.g., the proton from R-carbon having a
chemical shift of ∼4.5 ppm) in any of the microsphere
samples (Figure 1C), suggesting that the high density of
argininamide detected by XPS only occurred at the micro-
sphere surface. After surface modification, the diameter
of the microspheres decreased from 24 to 22 µm as
[argininamide] increased from 0 to 40 mM in the reaction
solution, while the value of Mw decreased from 34 to 19
kDa, respectively. The decrease in diameter is a result of
reaction of argininamide with pSA on the microsphere
surface: argininamide broke down the pSA chain to
smaller fragments, which became soluble in solution. The
decrease in Mw of pSA may reflect the degradation of the
polymer at the microsphere surface or the small amount
of argininamide that diffused into the microspheres and
reacted with the polymer. We did not distinguish between
the two possibilities in this study.
To confirm the covalent attachment of argininamide to

the microsphere surface, we conducted two control experi-
ments. First, we repeated the surface modification reaction
in 30 mM guanidine hydrochloride ([NH2dC(NH2)2]+Cl-)
solution at pH 9.0. XPS analysis did not show any nitrogen

Figure 1s(A) XPS analyses of the surface of pSA microspheres covalently modified by argininamide. XPS detects only the photoelectrons from 1s orbitals of
nitrogen, carbon, and oxygen elements between 200 and 600 eV of binding energy. The scale of binding energy at the bottom of 1A applies to all the spectra.
(B) Dependence of the value of N% at the microsphere surface on the concentration of argininamide in the reaction solution. The error bars were obtained from
duplicate measurements. C) 1H NMR (400 MHz) of surface modified microspheres in CDCl3. The peak due to residual amount of water is indicated by an asterisk
(chemical shift ∼1.6 ppm).
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signals on the microsphere surface. Second, we prepared
a self-assembled monolayer of HOOC(CH2)15SH on gold.
This SAM surface provides densely packed alkyl chains
with negatively charged carboxylate head groups at pH 9.0
without the reactive anhydride groups. Even though the
density and structural order of the carboxylate anions on
the SAMs are different from those on the microsphere
surface, the higher density of negative charges on the SAMs
make it more sensitive to detect ionic interactions with
positively charged argininamide in solution. After soaking
the SAM sample in 10 mM argininamide solution at pH
9.0 for 15 min followed by washing with 2 M aqueous NaCl
and water, we did not observe any nitrogen signals by XPS.
As a comparison, we formed interchain anhydride groups
from carboxylic acids on the SAMs, and these surfaces
readily reacted with argininamide in solution, which
resulted in covalent attachment of argininamide on the
SAMs. These experiments help to exclude the possibility
that ionic interactions between the positively charged
argininamide and the negatively charged pSA surface
caused the attachment of argininamide onto the pSA
microsphere surface.
To examine the capability of the ligands attached on the

microsphere surface to interact with their receptors in
solution, we modified the surface of pSA microspheres with

N-(5-aminopentyl)biotinamide (see insert in Figure 2A for
its structure). Thus, biotin was covalently attached to the
surface from the amino group. The microspheres were then
suspended in the solution of fluorescein-labeled avidin at
pH 7.4 for 30 min, washed with PBS and water, and dried
in vacuo. Examination under a fluorescence microscope
demonstrates that avidin bound to biotin on the micro-
sphere surface (Figure 2A). In the control experiment, we
repeated the surface modification and binding experiments
using carboxylic acid terminated biotin, and observed a
very weak fluorescence signal (Figure 2B).
This surface modification procedure has the following

advantages: it is a one-step procedure, it requires a small
amount of ligand to achieve high surface density,17 the
surface density of the ligand can be controlled by its
concentration in the reaction solution, the ligands attached
on the surface can freely interact with their receptors in
solution, and the method should be general to a variety of
ligands that contain amino groups. The ease, versatility,
and generality of the procedure should open new op-
portunities in designing novel polyanhydride drug delivery
systems to target specific organs or specific cell types within
an organ, and in providing useful model systems to study
the pharmacokinetics and pharmacodynamics of organ-
targeted drug delivery.
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Figure 2sFluorescence micrographs of microspheres modified by (A) N-(5-
aminopentyl)biotinamide and (B) 6-((biotinoyl)amino)hexanoic acid, followed
by recognition with fluorescein-labeled avidin in solution. The chemical structure
of the two ligands is shown in the insert of each figure. Condition for
fluorescence microscopy: λex ) 480 nm, λem ) 520 nm. The scale bar on
the bottom of Figure 2B applies to both 2A and 2B.
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