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Abstract

Poly(B amino ester) polymers have received growing attention in the literature, owing to their ease
of synthesis, versatile co-monomer selection, and highly tunable degradation kinetics. As such,
they have shown extensive potential in many biomedical applications as well. In this work, it is
demonstrated for the first time that PBAE polymers containing primary and secondary amine
groups can undergo degradation by primary alcohols via transesterification mechanism. While this
work emphasizes an important aspect of solvent compatibility of these networks, it also represents
an interesting, simple mechanism for post synthesis drug incorporation, with riboflavin
conjugation being demonstrated as a model compound.
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2. Introduction

Poly(beta-amino ester) (PBAE) gels are hydrolytically degradable systems due to the
presence of B-amino ester linkages. As a biodegradable system, this is one of the central
features for their applicability in biomedical applications such as gene and drug delivery, and
tissue engineering [1-5]. Synthesized via a Michael addition reaction of an acrylate
molecule with a primary or secondary amine, the degradation rate of these polymers is
considered to be dependent on network structure, chemical composition(e.g.,
hydrophobicity) and aqueous properties (e.g., pH, temperature) [6-8]. As such they have
been shown to degrade faster in the presence of primary and secondary amines in the gel
matrix because of the catalyzing action of amines [9, 10]. Additionally, we have previously
published a single-step PBAE gel synthesis reaction based upon primary diamine precursors
that serve as crosslinkers during polymerization [11]. These networks were found to
hydrolyze much more rapidly than gels prepared by a two-step crosslinking system, which is
straight chain polymer synthesis followed by radical catalyzed cross-linking of acrylate end-
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groups [12, 13]. It was theorized that this effect was a result of unmodified amines in the
network backbone catalyzing the hydrolysis reaction [14, 15].

Based upon this observation, we hypothesized that these PBAE crosslinked networks would
also be sensitive to nucleophilic attack by primary alcohols and the rate of degradation
would depend upon the reactivity of alcohols. Herein, we report the first demonstration of
PBAE gel degradation by alcohols through a transesterification mechanism, establishing the
effect of acrylate to amine ratio, alcohol chain length and degree of carbon substitution on
the degradation kinetics. This mechanism also permitted the post synthesis modification of
the gels with drug molecules containing alcohol groups, allowing for an easy to use
approach for coupling drugs into the backbone of the polymer. the resulting esterified
prodrugs can the be activated to release the drug via simple hydrolysis or enzymatic
hydrolysis, which is reported as the activation process for 49% of the marketed prodrugs
[16, 17]. Hence, this approach could be useful for delivering pharmaceutically active
compound having —OH group with unattractive physicochemical properties and would serve
as a drug release vehicle in the biophysical environment.

3. Materials

Poly (ethylene glycol) 400 diacrylate (PEG400DA) was purchased from Polysciences Inc.,
4,7, 10-Trioxa-1, 13-tridecane diamine (TTD) and riboflavin were obtained from Sigma-
Aldrich (St. Louis, MO). All organic solvents were either purchased from Sigma-Aldrich or
Pharmco-aaper (Shelbyville, KY) and were used as received. All the other chemicals were
used as received without further purification.

4. Methods

4.1 Poly(B-amino ester) gel film synthesis

A one-step Michael addition reaction between acrylates and amines was used to synthesize
PBAE gels films, as previously described [9, 18]. Figure 1 (A) and 1 (B) depicts the reaction
mechanism and the schematic of the predicted crosslinked gel structure. Diacrylate
monomer (PEG(400)DA) and primary diamine (TTD) were weighed and mixed in
dichloromethane (DCM) (equivalent to total monomer mass). This solution was transferred
to an aluminum dish and monomers were allowed to react for 24 hours at 50°C in an oven.
PBAE gels films were then washed in anhydrous acetonitrile 4 times with a cycle of 1-hour
each to remove unreacted monomers followed by freeze-drying to eliminate any residual
solvent. The initial ratio of total acrylate to reactive hydrogen amine groups (RTAAP) was
varied from 0.6 to 1.65 to synthesize different grades of PBAE gels films (Table 1) Note: 1
mol of diacrylate monomer corresponds to 2 mol of reactive acrylate groups; 1 mol of
primary diamine monomer corresponds to total 4 mol of primary/secondary reactive amine
groups.

4.2 PBAE degradation in alcohols

Degradation of PBAE gels was carried out in various alcohols at 37°C. 1 cm diameter discs
were cut from the bulk gel films, weighed and then incubated in different alcohols of
interest. At given time points, discs were removed from the solvent and dried under vacuum
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to remove residual solvent. The fraction of mass remaining was calculated from the ratio of
the recorded final dry mass (Wgq) and initial (Wg) mass values. The swelling ratio of the
selected gel-alcohol incubation system was also calculated by recording the mass of alcohol
swollen gels during degradation. Swelling ratio was calculated as the ratio of swollen gel
mass (W) with initial mass (Wp).

Wq

Fraction of mass remaininng
0

W
Swelli tio=—+n
welling ratio Wo

A separate set of R-0.6 gels were degraded completely in ethanol as well as in water.
Degradation products were freeze dried under vacuum and were subjected to FTIR analysis.

4.3 Dynamic mechanical analysis (DMA)

TA instruments Q800 dynamic mechanical analyzer was used to perform dynamic
mechanical analysis in tensile mode. Storage modulus (E’) and tan & was recorded as a
function of temperature at the heating rate of 1 °C/min. The temperature range used was
from —70°C to 20°C at 1 Hz. Samples used were in the form of film strips with dimensions
of 15 mm*3 mm*0.3 mm (length*width*thickness). All measurements were carried out
under inert N, atmosphere.

4.4 Conjugation of PBAE gels with Riboflavin

R-0.6 and R-1.2 PBAE gel discs were cut in 1-cm discs, weighed and incubated in 1mg/ml
riboflavin-DMSO solution at 37°C and allowed to react for various durations of time up to
48 hours. After 6, 12, 24 and 48 hours, gels were taken out, washed twice in DMSO to
remove unreacted riboflavin followed by a single wash in anhydrous acetonitrile in order to
leach out residual DMSO. The gel discs were then freeze-dried overnight to remove any
residual solvents. The next day, each gel disc sample was placed in separate wells of a 12-
well plate and read at 444 and 600 nm using Varian Cary 50 Bio UV-Vis spectrophotometer.
Absorbance at 600 nm was subtracted from absorbance value at 444 nm as a baseline
correction to obtain the absorbance only due to riboflavin conjugation and not the disc
thickness/optical density.

Next, the riboflavin conjugated gel discs were degraded in PBS (35 mg gel/ ml of PBS) for
gels to undergo hydrolysis and release pure riboflavin. The degradation products in PBS
were analyzed once again under UV-Vis at 444 nm and riboflavin concentrations were
calculated using standard calibration curve.
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5.1 PBAE gel synthesis

PBAE gels synthesized with RTAAP of 0.6 (R-0.6) and 1.2 (R-1.2) resulted in uniform gels
while gels synthesized with RTAAP of 1.65 (R-1.65) resulted in partial conjugation and
hence a semi-solid product. Since a properly conjugated gel wasn’t obtained with R-1.65,
further analysis of transesterification was limited to R-0.6 and R-1.2. Post synthesis, gels
were washed in acetone to remove unreacted products and mass loss analysis was performed
by weighing the gels before and after washing (freeze-dried). Average mass loss of 4.87

+ 0.3% for R-0.6 and 13.1 + 0.4% for R-1.2 was calculated.

5.2 PBAE degradation in alcohols (mass loss and swelling ratio)

5.2.1 Effect of RTAAP on degradation and swelling ratio using ethanol as a
degradation medium—R-0.6 degraded via transesterification in 12 hours with the
swelling ratio of 3.5 + 0.08 at 8 hours. After 8 hours of incubation, the gel started to lose
mechanical integrity, suggesting the final stage of complete degradation, as shown in figure
2 A and 2 B. On the other hand, R-1.2 showed very slow kinetics of transesterification
derived gel degradation, with no effective mass loss observed in 15t 12 hours. Even after 25
days of ethanol incubation, fraction of mass remaining was calculated to be 0.96 + 0.01,
which is 4% mass loss. R-1.2 did show a swelling ratio of 1.46 + 0.01 after the 15t day but
only increased to 1.65 + 0.02 after 25 days implying extremely slow degradation kinetics in
ethanol.

A similar effect of unsubstituted amines on gel degradation, with water as the degradation
medium has been reported earlier. PEGDA-TTD gels synthesized with RTAAP of 0.6
degraded within 40 minutes while gels with RTAAP of 1.2 degraded completely in 130
minutes [19].

5.2.2 Effect of alkyl chain length and degree of alcohol substitution on
degradation kinetics—As R-1.2 showed extremely slow degradation kinetics in ethanol,
R-0.6 PBAE gels were used to determine the impact of primary alcohols of different chain
aliphatic lengths i.e. ethanol, n-propanol and n-butanol. As observed in figure 3, the
degradation rate in ethanol and n-propanol was extended over 9-12 hours. However, n-
butanol mediated degradation of R-0.6 was slower extending up to 28-30 hours

To elucidate the mechanism of gel degradation, the impact of the degree of alcohol
substitution (primary, secondary, or tertiary) on degradation rate was conducted in two
separate studies. First, R-0.6 degradation was evaluated with alcohols containing the same
number of carbons but different degree of substitution i.e. n-propanol (primary, 3-carbon)
and iso-propanol (secondary, 3-carbon) (figure 3). It was observed that PBAE gel incubation
in primary alcohol (n-propanol) degraded within 12 hours, which is significantly faster than
in secondary alcohol (iso-propanol) showing only 50% mass loss in 13 days. In the second
study, R-0.6 was incubated in primary, secondary and tertiary alcohol with different chain
lengths. Ethanol (primary, 2-carbon), iso-propanol (secondary, 3-carbon) and tert-butanol
(tertiary, 4-carbon) were used for transesterification. Swelling ratio for different alcohols
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was analyzed instead in this study because the mass loss in tert-butanol was too slow to
show significant differences over the study time. As shown in figure 4, ethanol-R-0.6 gel
incubation resulted in a swelling ratio of 3.5 + 0.08 within 8 hours after which it
disintegrated. Iso-propanol resulted in slower kinetics giving a swelling ratio of 2.45 + 0.16
after 4 days and 4.61 £ 0.6 after 9 days. Tert-butanol incubation showed even slower kinetics
with swelling ratio of 1.94 + 0.05 after 4 days and 2.48 + 0.16 after 9 days. Therefore, PBAE
degradation Kinetics was faster in ethanol than in iso-propanol than in tert-butanol.

In a separate study, with R-0.6 were hydrolyzed completely in ethanol and water. FTIR
analysis of both the systems were compared to identify the nature of degradation products.
The degradation products obtained from water showed the presence of strong acid peaks at
around 1584 cm~1 clearly indicating the hydrolysis to the corresponding acids. However, the
absence of the acid peak (-C=0 in carboxylic acid) at 1584 cm™! and the presence of a ester
peak (-C=0 in ester) near 1732cm~1 in ethanol degradation products confirmed the
formation of the corresponding transesterification products (Figure 5).

5.3 Dynamic mechanical analysis (DMA)

To further assess the impact of ethanol degradation on crosslinking density, DMA was done
on RT-0.6 film before degradation (t = 0 hours) and after degradation in ethanol (t = 3
hours). The storage modulus (Figure 6 a) and tan & (Figure 6 b) as a function of temperature
is presented. Samples films were placed in ethanol for 3 hours at 37°C, removed, and fully
dried in a freeze drier before evaluating in a dynamic mechanical analyzer. As seen, a step
change is seen in the storage modulus as the material undergoes glass-rubber transition. The
glass transition region remains unchanged for the samples and is not affected by the
degradation. This is evident from tan & plot too, where both samples have glass transition
temperature (Tg) of —45 °C (tan 6 peak). Importantly, after 3 hours of incubation in ethanol,
the rubbery modulus for the degraded polymer sample is nearly an order of magnitude lower
than non-degraded sample.

5.4 Riboflavin conjugation to PBAE via transesterification

To study whether the transesterification mechanism can be used to link primary alcohol
containing compounds to already formed PBAE gels, naturally found riboflavin (vitamin By)
with one primary and three secondary alcohol functional groups was used as a model
compound to conjugate into R-0.6 and R-1.2 via transesterification process (figure 7 A).
After incubating the gels in 1 mg/ml of riboflavin solution in DMSO for 6, 12, 24 and 48
hours, it was observed that R-0.6 showed higher conjugation than R-1.2 as seen in figure 7
B. Discs were observed under UV-Vis, absorbances were collected at 444 nm i.e. the
characteristic peak wavelength of riboflavin and also at 600 nm. Absorbance value at 600
nm is the measure of optical density for each gel due to its thickness. Hence, to get
absorbance values due to only riboflavin, absorbance at 600 nm was subtracted as a baseline
from 444 nm and presented as Aabs. R-0.6 showed Aabs of 0.22 + 0.02, 0.28 £ 0.04, 0.5

+ 0.05 and 0.48 + 0.06 after 6, 12, 24 and 48 hours of incubation respectively. R-1.2 had
lower Aabs values of 0.15 £ 0.5, 0.13 £ 0.01, 0.14 £ 0.5 and 0.23 + 0.05 at the same time
points (figure 7 B), which is lower than Aabs for R-0.6.
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The riboflavin-conjugated gels were then subjected to hydrolytic degradation in PBS to
recover the riboflavin. Degradation products were again read at 444 nm and collected
absorbances gave a concentration of riboflavin in the solution using standard curve (figure 7
C). 0.85+0.03,1+0.04, 1.3+ 0.33 and 1.86 + 0.06 pg/ml of riboflavin was retrieved with
R-0.6 gels incubated for 6, 12, 24 and 48 hours respectively followed by PBS degradation.
For R-1.2, a lower amount of riboflavin was recovered as conjugation was less, which was
0.5+£0.01, 0.55 +0.15, 0.59 + 0.16 and 1.1 £ 0.13 respectively under time interval
degradation as for R-0.6.

6. Discussion

The degradation studies of PEG(400)DA-TTD based PBAE gel synthesized at different
RTAAPs were carried out in ethanol at 37°C. It was initially observed that PBAES
synthesized using single step approach were unstable in ethanol. This was different from
previously reported data, where ethanol was used as a stable washing solvent [20].
Originally, it was believed that degradation was due to the water content in the solvent.
However, degradation still proceeded even with anhydrous solvents. This observation led to
the hypothesis that, p-amino ester bonds in the PBAE gels undergo transesterification with
the alcohol to form a new ester.

It was hypothesized that if transesterification was a mechanism, then the unmodified amines
contained within the network could serve as a base to catalyze the transesterification process
undergoing SN2 reaction. To test this hypothesis, the levels of unmodified amine were varied
by changing the total acrylate to total reactive hydrogen amine protons (RTAAP: 0.6 and
1.2). Lower RTAAP (0.6 in this case) PBAE gels with higher unreacted amine content,
catalyzed the transesterification reaction via activation of surrounding alcohol into a
nucleophilic entity (C,Hs0H to CoHs07) [21]. The activated form, C,H50™ resulted in
faster disintegration of PBAE matrix via substitution at the ester linkage (Figure 2). As
additional validation, mechanical properties were also found to change with incubation in
ethanol. As seen in Figure 6 a, a dramatic decrease in rubbery modulus was observed as a
result of degradation in ethanol. This decrease in rubbery modulus is likely due to a decrease
in crosslink density of gel caused by breaking of bonds during the degradation process.
Also, the glass-rubber transition for degraded sample is slightly broadened (Figure 6 b). This
broadening could be due to partial degradation of gel resulting in to mixture of chain
fragments or network fragments of different length. The glass transition temperatures of the
samples is not affected after 3 hours of degradation. This could be due to significant
proportion of gel network backbone, which contributes to the glass transition, still remaining
intact.

Additionally, if the degradation of the PBAE gels is a function of transesterification, then it
would be expected that the rate of degradation would be dependent upon the reactivity of the
alcohol. Hence, the rate of alcohol substitution will be different for alcohols of different
chain lengths or degree of carbon substitution. To verify this hypothesis, degradation
properties of PBAE gels were analyzed with different alcohols at 37°C (Figures 3 and 4). It
was observed that the degradation of R-0.6 PBAE occurred faster in ethanol and n-propanol
than in n-butanol amongst the three primary alcohols. The ethanol based transesterification
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reaction is faster due to the high polar and acidic nature or lower carbon induced inductive
effect due to shorter carbon chain length [22]. As the length of the carbon chain increases,
nucleophilicity of the alkoxide anion decreases leading to a decrease in the reactivity of
alkoxide anion. This causes the slower reaction rate in the order of n-butanol, n-propanol
and ethanol and hence the degradation kinetics (Figure 3). A similar trend was seen with the
PBAE gel degradation in primary, secondary and tertiary alcohols because of the same
concept of higher inductive effect with secondary as compared to primary alcohols.
Therefore, iso-propanol being less acidic than n-propanol, shows slower transesterification
kinetics than n-propanol (Figure 3). The combined effect of chain length and degree of
substitution was seen with degradation carried out in ethanol, iso-propanol and tert-butanol
(Figure 4). Here, slowest degradation was observed with tert-butanol amongst all the
alcohols used because of the presence of three alkyl groups on the carbon-atom with —-OH
group and hence least acidic nature.

To further confirm transesterification as the means of PBAE gel degradation, the degradation
products of the R-0.6 obtained from water and ethanol were freeze dried and analyzed with
the help of an ATR-FTIR (Varian e-spectrophotometer). It has been reported previously that
PBAE gels degrade via hydrolysis of ester groups in the crosslinks to lower molecular
weight degradation products and chains of poly(p-amino acids) and diols [2, 23]. The
presence of a broad acid peak at 1584 cm™1 in the water degradation products of R-0.6 with
a subsequent decrease in intensity of the ester-C=0 peak at 1732 cm™! clearly indicates the
formation of low molecular weight acids (Figure 5). The transesterification reaction of
PBAE with alcohols was also confirmed by the re-formation of new ester peaks at around
1732cm™1 from the ethanol degradation products of R-0.6.

Taking advantage of transesterification of PBAE network by alcohols, compounds of
medicinal value containing alcohol groups (e.g. riboflavin, ascorbic acid) can be conjugated
to the PBAE network without the use of additional linkers or reagents. Riboflavin is a part of
the Vitamin B family (Vitamin B,), naturally found in milk, yeast, leafy vegetables with
metabolic functional significance in activating other vitamins and reaction with flavoproteins
[24, 25]. It contains one primary and three secondary alcohol groups in the molecular
structure (Figure 7 A).

The extent of riboflavin conjugation into PBAE could be analyzed using UV-Vis because of
its characteristic wavelength at 444 nm. As shown in Figure 7, PBAE upon incubation in
riboflavin solution was able to conjugate the alcoholic molecule into its matrix and the
amount of conjugation increased with time showing the progression of transesterification.
Higher conjugation was seen with R-0.6 than R-1.2 because of the faster transesterification
kinetics complying with previous studies (Figure 2). This was observed at both levels,
riboflavin conjugated gel discs (Figure 7 B) and released riboflavin after complete
degradation of the gels (Figure 7 C). The riboflavin conjugation extent was further analyzed
by calculating the crosslink density of the R-0.6 polymer using the equation (CD= E'/
3RTg) [26], where values of E’ (rubbery modulus) and Tg (glass transition temperature)
obtained from the DMA analysis. The degree of transesterification for R-0.6 incubated for
48 hour in riboflavin solution was calculated to be 4.9% based on the average crosslink
density of 3.51 mole/cm3. Although, this work demonstrates the possibility of covalently
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conjugating the drug molecules into bulk gel system via transesterification, conjugation
efficiency can be further be explored by allowing longer incubation time, concentration of
the incubation medium and considering various other drug molecules with —OH groups.

7. Conclusion

It was found that PBAE synthesized by the single step non-free radical polymerization
method degrades in alcohol via a transesterification mechanism. Unreacted primary/
secondary amines in the PBAE network catalyze this transesterification reaction and the rate
of PBAE degradation in alcohol decreases with increase in RTAAP. The degradation rate of
PBAE in alcohol decreases with increasing chain length of alcohol or in order of
tertiary<secondary<primary alcohols. Taking advantage of alcohol induced
transesterification reaction in the PBAE network, molecules of medicinal value with alcohol
groups (e.g. riboflavin) can be covalently conjugated to the PBAE network and the amount
to be conjugated can be controlled with incubation time until gel disintegration while release
of riboflavin via water hydrolysis can be controlled by selecting the PBAE gels of different
RTAAPs.
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Figure 1. Synthesis of PEGDA-TTD PBAE cross-linked gels
A. Reaction scheme of PBAE gel formation via reaction of PEG(400)DA and TTD in DCM

solvent.
B. Schematic of transesterification of PBAE gels in presence of an alcohol. Ester bond of the
PBAE matrix undergoes substitution with the reacting alcohol forming another ester bond.
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Figure 2. Effect of RTAAP on transesterification controlled degradation of PBAE gels in 200-

proof ethanol at 37° C

A.) Mass loss of PBAE gels (R-0.6 and R-1.2) presented as a fraction of mass remaining
w.r.t. time. B.) Swelling ratio of R-0.6 and R-1.2 in ethanol w.r.t. time. Gels synthesized with
RTAAP of 0.6 showed faster degradation and swelling than gels with RTAAP 1.2. N=3,

error bars: std. dev.
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Figure 3. Degradation of PBAE gels in primary alcohols of different chain lengths and iso-

propanol (secondary alcohol)

R-0.6 PBAE gel was incubated in ethanol, n-propanol, n-butanol and iso-propanol at 37° C.

N=3, error bars: std. dev.
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Figure 4. Swelling ratio of R-0.6 PBAE gels in primary, secondary and tertiary alcohols i.e.
ethanol, iso-propanol and tert-butanol respectively

Rate of swelling and degradation decreases with increase in chain length and degree of
carbon substitution. N=3, error bars: std. dev.
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Figure 5. FTIR spectra of PBAE gel R-0.6, and the degradation products obtained by the

hydrolysis of in water and ethanol
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Figure 6. a) Storage modulus (E’) as a function of temperature and b) tan 6 as a function of
temperature for RT-0.6 non-degraded gel and gel degraded in ethanol

A decrease in rubbery modulus is seen due to decreased crosslink density caused by

degradation.
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Figure 7. Conjugation of riboflavin into R-0.6 and R-1.2 PBAE gels by incubation in 1 mg/ml
riboflavin solution in DMSO

A.) Riboflavin structure showing the hydroxyl groups as potential sites for
transesterification. B.) abs of the gel discs measured after different time intervals of
incubation in riboflavin containing DMSO at 37° C. Aabs = abs (444nm)-abs (600nm).
Baseline subtraction at 600 nm was done for each sample separately to void the effect of
optical density due to gel thickness. C.) Concentration of riboflavin in PBS calculated after
analyzing the degradation products under UV-Vis at 444 nm. The amount of riboflavin
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conjugation complies with transesterification data obtained earlier in figure 2 showing
overall higher transesterification with R-0.6 than R-1.2. N=3, error bars: std. dev.
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Different grades of PBAE gels films were synthesized by varying ratio of total acrylate to amine protons

(RTAAP)
Gel Identification Diacrylate Diamine | RTAAP
Code
R-0.6 PEG(400)DA TTD 0.6
R-1.2 PEG(400)DA TTD 1.2
R-1.65 PEG(400)DA TTD 1.65
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