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Uppsal a universitets l ogotyp 

Coacervates as a subcutaneous drug delivery system 

Dania Elkhalifa 

Abstract 

Subcutaneous administration of biological drugs has become highly attractive as it offers the 
possibility for patient self-administration. Coacervates as a subcutaneous drug delivery system 
provide a way to decrease injection volumes thereby reducing the risk of injection site pain. The 
aim with this thesis was to investigate possible coacervation between polyelectrolytes and 
peptide drugs under various physicochemical conditions. In this project, hyaluronic acid (HA) 
and carboxymethylcellulose (CMC) and their ability to coacervate with polymyxin B (PB) and 
vancomycin (VA) was studied. Furthermore, the release of these peptide drugs from the 
formulations into a release medium mimicking the subcutaneous environment was studied using 
UV spectroscopy.  
 
Studies showed successful coacervation between VA-CMC, PB-CMC and PB-HA. VA-CMC and 
PB-CMC coacervates were formed at higher peptide-polyelectrolyte charge ratios and lower 
ionic strengths at pH 7. The increase in charge ratio seemed to eliminate steric effects caused 
by the polyelectrolyte chains that most likely hindered coacervation. Furthermore, PB-CMC and 
PB-HA formed gel-like coacervates in the pH range of 11.73-11.84 at 1:1 charge ratio and ionic 
strengths 0-70mM. At such high pH values, the obtained formulations were most likely a result 
of PB-PB aggregation or charge regulation. From drug release studies one could conclude that 
VA-CMC exhibits direct release followed by a slower prolonged release profile. PB-CMC 
coacervates, liquid and gel, showed a sustained release profile while the PB-HA gel formulation 
resulted in direct release. Unfortunately, due to limitations with the experimental release rate 
set-up, the conclusions drawn can not be considered 100% reliable. 
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Populärvetenskaplig sammanfattning
Biologiska läkemedel baserade på proteiner och peptider har under en lång tid revolutionerat
behandlingen av olika sjukdomar såsom cancer, immunologiska sjukdomar och metabola
störningar. Nu mer än någonsin uppmärksammas dess användning som behandlingsväg med
anledning av att mRNA-vaccinerna är förknippade med Covid-19 utbrottet. Trots alla fördelar
som finns med att använda biologiska makromolekyler som läkemedel kvarstår det ett problem,
och det är deras låga biotillgänglighet. Biologiska läkemedel måste därför administreras
parenteralt genom tex. subkutana injektioner (injektion under huden). Den utmaning som
uppkommer är den stora injektionsvolymen som uppstår av att biologiska läkemedel oftast
kräver höga doser. Konsekvensen blir att patienten upplever smärta och biverkningar vid
injektionsstället. För att reducera injektionsvolymen kan man använda koacervat som drug
delivery system. Koacervat bildas när laddade polymerer bildar komplex med motsatt laddade
proteiner/peptider. Dessa komplex kommer att bilda en koncentrerad fas rik på protein. Genom
att använda den koncentrerade koacervatfasen som injektionslösning har man lyckats erhålla en
hög proteinkoncentration utan att behöva öka injektionsvolymen eller frekvensen.

Syftet med detta examensarbete var att formulera olika koacervatlösningar genom att blanda
polyelektrolyter med relevanta peptidläkemedel. I detta fall blandades hyaluronsyra (HA) och
karboxymetylcellulosa (CMC) med polymyxin B (PB) och vancomycin (VA). Olika
fysikal-kemiska parametrar som pH, saltkoncentration och laddningsförhållande justerades för
att uppnå bästa möjliga koacervat. Med laddningsförhållande syftar man på antal laddningar på
peptiden gentemot polyelektrolyten. Därefter studerades frisättningen av läkemedlen från dessa
formuleringar in i ett frisättningsmedium som efterliknar den subkutana miljön vilket i detta fall
var 150mM fosfatbuffert. Eftersom läkemedlen har UV absorbans kunde frisättningen följas
genom att mäta absorbansökningen i bufferten över tid.

Alla kombinationer av polyelektrolyt och läkemedel testades dvs. VA-CMC, PB-CMC, VA-HA
och PB-HA. Experimenten startades vid pH 7 och 1:1 laddningsförhållande dvs. med lika många
laddningar på peptiden som på polyelektrolyten. Inga koacervat bildades och därför höjdes
laddningsförhållandet vilket resulterade i tydliga koacervat mellan VA-CMC och PB-CMC vid
lägre saltkoncentrationer. Slutsatserna som kan dras utifrån detta är att mer peptid och mindre
polyelektrolyt bidrar till bättre komplexbildning. Detta kan bero på att polyelektrolyten, när den
är i överskott, orsakar en slags hinder med sina långa polymerkedjor vilket gör det svårare för
peptiden att binda in. Det finns även en annan förklaring som säger att polyelektrolytkedjorna
förlorare mindre entropi på att vara i komplexfasen jämfört med peptidläkemedlen, vilket inte är
gynnsamt för systemet. Detta leder till ett överskott av polyelektrolyt laddningar i lösningen som
motjoner kan binda till. Bindningen av motjoner kommer resultera i att komplexfasen sväller upp
och vidare till upplösningen av potentiella komplex. Även effekten av pH vid 1:1
laddningsförhållande undersöktes, där en ökning av pH resulterade i bildningen av gel-koacervat
mellan PB-CMC och PB-HA. Dessa gel-koacervat bildades vid låga och höga
saltkoncentrationer. Utifrån detta kan man dra slutsatsen att vid högre pH, där PB är i princip
oladdad, kan komplex bildas mellan PB molekyler. Det är också möjligt att PB genomgår
laddningsreglering vilket innebär att den får en laddning trots att den bör vara oladdad. På detta
sätt skulle PB kunna bilda komplex med CMC även vid sådana höga pH.
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Med dessa koacervat kunde sedan frisättning av VA och PB från formuleringen in i
frisättningmediet testas. Frisättningsstudierna visade att VA-CMC koacervaten verkar ha en
direkt frisättning följt av en långsammare förlängd frisättning. PB-CMC resulterade i en profil
med fördröjd frisättning, både för de lösliga koacervaten och gel-koacervaten. PB-HA visade sig
ha en direkt frisättningsprofil. På grund av begränsningar med uppställningen som användes för
frisättningen kan inte datan anses vara 100% pålitlig. Dock kan detta projekt fortfarande
tillhandahålla relevant data om vilka förhållanden (pH, saltkoncentration, laddningsförhållande)
som kan resultera i lyckad koacervatbildning samt vilken typ av frisättning som skulle kunna
förväntas från sådana formuleringar.
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1. Introduction
1.1. Biological agents and their administration
Now more than ever, the use of biological macromolecules as a form of treatment is being
highlighted as a result of the mRNA vaccines associated with the Covid-19 outbreak. However,
long before Covid-19, biological agents such as peptides, proteins and nucleic acids have
revolutionized the treatment of cancer, immunological diseases and metabolic disorders [1].
Despite the advantages they come with such as specificity to their target, efficacy and
manageable side-effects, these biological agents present challenges in regards to drug delivery
[2]. Unlike small molecular drugs, biological agents can not be administered orally due to their
low bioavailability as a result of instability and poor permeability through the GI tract [3].
Therefore, biological agents must be administered parenterally through either intravenous
infusions (IV), intramuscular injections (IM) or subcutaneous injections (SC). The SC delivery
route has become highly attractive as it enables patient self-administration and reduces
healthcare professional resources. However, pain and adverse events may follow and one
contributing factor is the SC injection volume. Most SC injections on the market lie below 1.5
mL since larger volumes are often associated with injection pain, adverse events at the site of
injection and leakage. Unfortunately, biological agents often require significantly high doses
which often leads to patients enduring several low volume injections across a number of
injection sites in order to attain the desired dose [4].

1.2. Coacervates as a drug delivery system
Polyelectrolyte complexes, also known as coacervates, have become of particular interest in the
field of polymer drug delivery systems for biomacromolecular therapeutic agents (BTAs) [1].
When mixing polyelectrolytes with BTAs such as proteins/peptides, a phase separation can take
place and this phase separation can either lead to coacervation or precipitation. Coacervation is
achieved when the polyelectrolyte-protein complex undergoes liquid-liquid separation forming
one concentrated dense phase (coacervate phase) rich in protein, in equilibrium with one
relatively dilute liquid phase [5]. It is the concentrated coacervate phase that is of interest for
drug delivery as it offers a way to obtain high protein concentrations thereby eliminating the
need to increase injection volumes or frequency to obtain the desired dosage. In addition, with
coacervation, the protein is not chemically modified which leads to better preservation of its
bioactivity and biofunctionality. The main driving force behind coacervate formation is the gain
in entropy which occurs when oppositely charged macromolecules interact through electrostatic
forces (figure 1) and as a consequence, release counterions in order to strengthen their interaction
[6]. In other words, the counterions bound to the macromolecules are replaced by the
electrostatic interactions. The resulting charged surface is responsible for facilitating better
uptake in the target cells which is another advantage that coacervates bring to drug delivery.
Through electrostatic interactions between the charged surface and the negatively charged cell
membranes, internalization and release of the BTA is mediated [1]. However, due to the
negatively charged cell membranes, this mechanism for better cell uptake becomes specific to
coacervates with excess cationic polyelectrolyte.
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Figure 1. A schematic overview of coacervate formation driven by electrostatic interactions between
oppositely charged macromolecules. [1]

1.3. Physicochemical parameters affecting coacervation
Charge neutrality. Coacervation is most likely to occur at a pH (pHΦ) in which the oppositely
charged macromolecules form a complex with a net charge close to zero. A net charge close to
zero is desired since it eliminates any chances of inter-complex repulsions that may inhibit
complex formation [6]. In order to achieve this net charge, the number of charges on the
polyelectrolyte and protein must be similar and of opposite signs. Worth mentioning is that
complexation can be initiated despite not achieving opposite signs on the macromolecules, and
this occurs at a so-called critical pH (pHc) in which proteins start to bind to a single
polyelectrolyte molecule (figure 2) [7]. Nevertheless, when aiming for opposite charge signs,
the parameter taken into consideration is pH. Proteins have a so-called isoelectric point (pI), a
pH value at which their net charge is zero. Above this pH, proteins are negatively charged and
can form coacervates with positively charged polyelectrolytes and similarly, at lower pH, they
can form coacervates with negatively charged polyelectrolytes [8]. As for the number of
charges, the polyelectrolyte:protein ratio is the parameter taken into account. Theoretically, a
similar number of charges is desired, however, studies have suggested that an increase in protein
to polyelectrolyte ratio leads to more stable coacervates as well as an improved protein release
from the complex [1].

Figure 2. A schematic overview of the pH dependent phases. At pHc complexation is initiated and at pHΦ
coacervates start to form. pHp represents precipitation.

Ionic strength. In general, salt has a dissociating effect on polyelectrolyte complexes [6].
Assuming an equal charge ratio has been obtained between the polyelectrolyte and protein,
increasing the ionic strength (I) by adding more salt results in a so-called charge screening
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effect which lessens the electrostatic interactions between the macromolecules. At high I, the
counterions will screen the charges on the macromolecules making coacervation less likely to
occur [6]. Furthermore, the high salt concentration in the liquid phase entails that less entropy
will be gained when releasing the counterions from the polyelectrolyte complex which means
that above a specific ionic strength, coacervation is no longer favorable [8]. On the contrary, too
low I may result in precipitation ie. solid-liquid separation due to the tighter binding between
the macromolecules and dehydration [6]. Therefore, an increased salt concentration can be seen
as a way to counteract this, however, in the end it comes down to identifying the optimal salt
concentration that inhibits precipitation without disrupting coacervation.

1.4. Aim of study
The aim with this master thesis was to investigate possible coacervate formulations by mixing
polyelectrolytes such as hyaluronic acid and carboxymethylcellulose with relevant peptide
drugs such as polymyxin B and vancomycin. In order to develop stable coacervate formulations
suitable for SC injection, physicochemical parameters such as pH, ionic strength (salt
concentration) and peptide:polyelectrolyte charge ratio were modified. Furthermore, the release
of the drugs from the coacervate formulations into a release medium mimicking the
subcutaneous environment, in this case 150mM PBS, was studied using UV-spectroscopy. This
was achieved by using the μDiss profiler, a miniaturized dissolution apparatus with fiber optic
probes connected to a UV-detector. This instrument is capable of collecting continuous drug
absorbance data in the range of 250-700 nm at much lower concentrations than a regular UV
spectrophotometer.

1.5. Technical background
1.5.1. Polyelectrolytes
Hyaluronic acid. Hyaluronic acid (HA) is a linear polysaccharide consisting of the
monosaccharides, N-acetyl glucosamine and D-glucuronic acid, arranged in repeating
disaccharide units (figure 3). HA is a major component in most biological fluids and tissues, the
polymer can even be found in the epidermis and dermis of the skin [9]. Its existence in vivo
makes it biocompatible, biodegradable, non-toxic and non-immunogenic which explains why it
is used in such a wide range of therapeutic applications such as eye surgeries, wound healing
and drug delivery [10]. HA carries one charge per monomer and has a pKa of 3 indicating that
the polymer resides as a hydrophilic polyanion at physiological pH and can therefore associate
to cations [9, 11]. Coacervate formulations consisting of HA and positively charged proteins
such as Lysozyme have been previously studied. Successful coacervation was attained at
physiological pH (pH 7.4) and low ionic strength (6 mM) with a complex ratio of 1:0.32 (w/w)
LZ:HA [12].

Figure 3. Monomer structure of hyaluronic acid. [10]
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Carboxymethylcellulose. Carboxymethylcellulose (CMC) is a linear polysaccharide produced
from cellulose and is most commonly referred to as sodium carboxymethylcellulose (NaCMC)
which is its salt form. CMC is obtained once hydroxyl groups (-OH) on cellulose have been
substituted with carboxymethyl groups (CH2CO2Na) and it is these carboxymethyl groups that,
once charged, make CMC water-soluble (figure 4) [13]. Depending on the degree of substitution
(DS) which ranges from 0.4-1.5 carboxymethyl groups per monomer, CMC can be more or less
soluble [14]. In addition to its solubility, CMC is biocompatible, biodegradable, non-toxic and
abundantly available which explains its wide use within the food, cosmetics and pharmaceutical
industry [15]. The pKa of CMC is 4.6 and it can therefore form complexes with positively
charged proteins at physiological pH [16]. The effects of DS, pH and salt concentration on
coacervervation between CMC and lysozyme has been previously studied. According to the
study, higher DS promoted greater electrostatic interactions between CMC and LZ at
physiological pH since CMC carried more negative charges. In addition, [NaCl] > 100mM led
to the decomposition of the formed complexes as a result of charge screening effects [17].

Figure 4. Monomer structure of Carboxymethylcellulose. [13]

1.5.2. Peptide drugs
Polymyxin B. Polymyxin B (PB) is a polypeptide antibiotic popular due to its ability to target
multidrug-resistant gram-negative bacteria [18]. PB consists of a hydrophobic fatty acid
component, a tripeptide sequence and a polycationic heptapeptide ring (figure 5) [19]. The
antibiotic has pKa of 10 and a net charge of +5 at physiological pH since the three amino acids
in the heptapeptide ring and the two amino acids in the tripeptide sequence reside in their
protonated form [18, 20]. However, once the pH surpasses the pKa, the peptide's degree of
ionization drops dramatically (figure 6) [21]. Due to its combination of hydrophobic and
hydrophilic moieties, PB possesses an amphipathic character and can therefore endure both
polar and nonpolar environments. PB is not intended for oral use, instead it is formulated as a
sulfate salt that can be administered parenterally either through intravenous, intramuscular,
inhalational, intrathecal or topical administration [18].

Figure 5. Chemical structure of polymyxin B. Illustrated is the heptapeptide ring in blue, the linear
tripeptide sequence in red and the hydrophobic fatty acid tail in green.
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Figure 6. A graph illustrating the ionization of Polymyxin B as a function of pH. Below its pKa,
Polymyxin B is 100% ionized. Above the pKa, this degree of ionization drops rapidly [21].

Vancomycin. Vancomycin (VA) is an important glycopeptide antibiotic, its importance comes
from the fact that it is one of very few antibiotics able to treat methicillin-resistant
Staphylococcus aureus infections (MRSA infections). Similar to PB, VA is not intended for oral
use since the antibiotic is hardly absorbed. After one oral dose, >80-90% is recovered
unchanged in urine within 24h. Therefore, the antibiotic is administered parenterally through
intravenous injection [22]. Unlike PB, VA has a total of 6 pKa values ranging from 2.18 to 12.0
(figure 7) and as a result of this range, the total net charge varies with pH (figure 8) [23, 24].
Glycopeptide antibiotics are known to be poorly soluble at neutral pH due to the relatively low
net charge in those conditions, and there have been implications that poor solubility is the cause
behind the injection site irritation that VA is often associated with. What happens is, once the
drug is injected into the bloodstream, the net charge will decrease as the pH approaches 7.4.
This will result in precipitation of the drug which in turn causes irritation [23].

Figure 7. Vancomycin and its 6 pKa values; 7.75, 8.89 (basic), 2.18, 9.59, 10.4, and 12.0 (acidic). [24]
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Figure 8. A schematic diagram of  the net charge of vancomycin as a function of pH (based on the 
diagram presented in Johnson et al. [23]). At physiological pH, the net charge can be calculated to ≈ +1.

2. Experimental
2.1. Formulation of coacervates
2.1.1. Chemicals
The polyelectrolytes hyaluronic acid (high purity, tradename Hyaluronic acid - HyaCareⓇ, 
product# 6915005, batch# MA310049) and sodium carboxymethylcellulose (high purity, DS 
0.7, tradename BlanoseTM CMC 7LF PH Sodium carboxymethylcelluloseTM) were purchased 
from Novozymes Biopharma and Ashland, respectively. Vancomycin hydrochloride 
(pharmaceutical secondary standard, CAS# 1404-93-9, LOT# LRAC0718) was purchased from 
Sigma Aldrich and polymyxin B sulfate (guaranteed chemical purity, CAS# 1405-20-5, LOT# 
L2V4M-DR) was purchased from TCI chemicals. NaCl (high purity, CAS# 7647-14-5, LOT# 
18114114), HCl (high purity, CAS# 7647-10-0, LOT# SZBF2020V) and NaOH (high purity, 
CAS# 1310-73-2, LOT# 1.06498.1000) were purchased from VWR international, Sigma 
Aldrich and Merck, respectively. MQ water (ultrapure type 1) was obtained from Merck.

2.1.2. Instruments
Chemicals were weighed using an AG204 Mettler Toledo scale. Polyelectrolyte-protein samples 
were mixed using an Analog Vortex Mixer from VWR international and centrifuged using a 
Buch & Holm Sigma Centrifuge. pH measurements were done using a SevenCompact Mettler 
Toledo pH meter. For stirring, a Stuart Scientific SM24 magnetic stirrer was used.

2.1.3. Procedure
Starting parameters. Attempts to formulate coacervates at different ionic strengths were 
made without altering additional physicochemical parameters such as charge ratio and 
pH. The starting parameters were 1:1 charge ratio, pH 7 and salt concentrations ranging 
from 0mM to 150mM. For PB, a 1:1 charge ratio entailed 3.5mg substance in 1mL 0.50% w/w 
polyelectrolyte and for VA this entailed 3.5mg substance in 1mL 0.10% w/w polyelectrolyte. 
Despite preparing only 1mL formulations, 15mL centrifuge tubes were used in order to enable 
centrifugation.
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Preparation of polyelectrolyte stock solutions at different ionic strengths. Stock solutions of
0.50% w/w CMC and 0.50% w/w HA with an ionic strength of 0mM were prepared by mixing
500mg of polyelectrolyte with 100mL of MQ water and leaving it to dissolve overnight while
stirring. Thereafter, by transferring 50mL of these solutions and adding 438mg NaCl, 150mM
stock solutions were made. Using the dilution series presented in table 1, 0.50% w/w
polyelectrolyte solutions ranging from 0-150mM were prepared.

Table 1. The dilution series used to prepare 0.50% w/w polyelectrolyte stock solutions at different ionic
strengths.
0.50% w/w CMC (or
HA) 0mM (mL)

0.50% w/w CMC (or
HA) 150mM (mL)

Volume (mL) Concentration (mM)

10 0 10 0
9.33 0.67 10 10
8.67 1.33 10 20
8 2 10 30
6 4 10 60
5.33 4.67 10 70
0 10 10 150

PB formulation procedure. 3.5mg of PB was weighed into seven 15mL centrifuge tubes, and
thereafter 1mL of 0.50% w/w CMC (or HA) at 0, 10, 20, 30, 60, 70 and 150mM was added to
the respective centrifuge tube. In order to properly mix the components, the samples were
vortexed and thereafter left for possible complexation overnight. The resulting formulations were
then centrifuged in order to enhance the appearance of any resulting phase system (figure 9).

VA formulation procedure. 3.5mg of VA was weighed into seven 15mL centrifuge tubes. In
order to obtain the desired 0.10% w/w polyelectrolyte solution, the 0.50% w/w stock solutions
were diluted with MQ water. This was achieved by adding 0.2mL of 0.50% w/w CMC (or HA)
at 0, 10, 20, 30, 60, 70 and 150mM and thereafter 0.8mL of MQ water of the same ionic
strength to each tube. This technique enabled the dilution of the polyelectrolyte from 0.50 to
0.10% w/w, without affecting the ionic strength of the sample. Lastly, just as for PB, the
samples were vortexed and left for possible complexation overnight. The resulting formulations
were centrifuged in order to enhance the appearance of any resulting phase system (figure 9).

Figure 9. A schematic overview of the formulation procedure. After weighing in the peptide drug,
polyelectrolyte solution was added and the mixture was vortexed before being left overnight for
complexation. The formulation was then centrifuged and the observed phase system was noted.

Adjusting the charge ratio (pH unchanged). In order to investigate further charge ratios, the
0.50% w/w polyelectrolyte stock solutions were diluted with MQ water thereby increasing the
peptide to polyelectrolyte charge ratio without having to alter the amount of added peptide.
Similarly, 1mL formulations were prepared in 15mL centrifuge tubes following the same

12



procedure as previous experiments (figure 9). However this time, the formulations were done at
an ionic strength of 10mM for investigative purposes and only in the case of successful phase
separation were formulations at additional ionic strengths prepared. Aside from 1:1, four
additional charge ratios were investigated for PB and two additional charge ratios for VA (table
2).

Table 2. A summary of the studied polyelectrolyte:peptide charge ratios (at physiological pH).
PB (3.5mg)

0.50% w/w CMC
(or HA) 10mM
(mL)

MQ water
10mM
(mL)

Final volume
(mL)

Final CMC (or
HA) concentration
at 10mM (% w/w)

PB:CMC
charge ratio

PB:HA
charge ratio

1 0 1 0.50 1:1 1:1
0.8 0.2 1 0.40 1.4:1 1.5:1
0.6 0.4 1 0.30 1.8:1 2:1
0.5 0.5 1 0.25 2.2:1 2.3:1
0.4 0.6 1 0.20 2.7:1 3:1

VA (3.5mg)
0.50% w/w CMC
(or HA) 10mM
(mL)

MQ water
10mM
(mL)

Final volume
(mL)

Final CMC (or
HA) concentration
at 10mM (% w/w)

VA:CMC
charge ratio

VA:HA
charge ratio

0.2 0.8 1 0.10 1:1 1:1
0.1 0.9 1 0.05 2:1 2:1
0.067 0.933 1 0.03 3:1 3.2:1

Adjusting the pH (charge ratio unchanged). In order to solely investigate the effects of pH,
formulations were prepared at 1:1 charge ratio and once again, at 10mM. Only when successful
phase separation was observed were additional ionic strengths prepared. When altering pH, the
pH adjustments were done to the polyelectrolyte solutions using 0.2M NaOH or 0.2M HCl prior
to mixing them with the peptide drugs. Once the desired pH was obtained, the polyelectrolyte
solution was added to 3.5mg of peptide following the same procedure illustrated in figure 9. For
PB, pH adjustments were made to 0.50% w/w CMC (or HA) 10mM solutions and thereafter
1mL was added to 3.5mg of PB. For VA, pH adjustments were made to 0.10% w/w CMC (or
HA) 10mM solutions and thereafter 1mL was added to 3.5mg of VA. A summary of the studied
pH values is presented in table 3. The values were chosen based on one simple condition: always
remaining roughly 2 pH units above the pKa of CMC (4.6) and HA (3.0).

Table 3. A summary of the studied pH values for the different formulations (at 1:1 charge ratio).
Formulation pH

PB-CMC 7.00 9.55 9.98 10.38 11.18 11.64 11.76 11.84 11.94
VA-CMC 7.00 9.12 9.92 11.00 11.83
PB-HA 5.07 7.00 8.91 10.03 11.16 11.62 11.73 11.80 11.91
VA-HA 5.12 7.00 8.92 9.96 11.04 11.86
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Adjusting charge ratio and pH simultaneously. For certain formulations, altering both
physicochemical parameters (charge ratio & pH) was necessary as an attempt to achieve
coacervation. In those cases, the desired polyelectrolyte concentration was prepared by diluting
the 0.50% w/w polyelectrolyte 10mM stock solutions with 10mM MQ water. The pH was then
adjusted and 1mL was added to 3.5mg of peptide drug resulting in a formulation with the desired
charge ratio and pH. Thereafter, the same procedure as previous experiments was followed
(figure 9). A summary of the studies carried out following this procedure is presented in table 4.

Table 4. A summary of the charge ratios and pH values that were studied simultaneously (at 10mM).
Formulation Charge ratio pH
PB-HA 3:1 5.09 9.05 10.38 11.16 11.83

VA-HA 3.2:1 5.01 8.95 9.92 11.09 11.86

Solubility testing. In order to ensure that the observed phase separations were not due to
solubility issues, the same amount of peptide drug as in the formulations (3.5mg) was added to
1mL of MQ water. If phase separation was observed at pH values other than 7, MQ water was
adjusted to that pH of interest and thereafter solubility testing was performed.

2.2. Drug release studies
2.2.1. Chemicals and materials

Sodium phosphate monobasic (≥99.0%, CAS# 7558-80-7, LOT# 102406542) and sodium
phosphate dibasic (≥99.0%, CAS# 7558-79-4, LOT# 1012270851) were purchased from
Sigma-Aldrich. MF-MilliporeTM 0.22µm MCE membranes (mixed cellulose esters, non-sterile,
hydrophilic, REF# GSWP02500, LOT# R8KA09897) were purchased from Merck. Metal mesh
filters (0.10mm in pore size) were provided by the Department of Medicinal Chemistry at
Uppsala University.

2.2.2. Instruments
The µDiss profilerTM from Pion Inc. with a 20mm probe was used for all absorbance
measurements. Regarding PB, a substance with poor UV absorption, a second-derivative
spectrum was applied to enhance the absorption peak and reduce noise. For VA, a substance with
good UV absorption, no second-derivative spectrum needed to be applied. For NMR
measurements a Bruker Avanco Neo (600 MHz) spectrometer was used. Since all samples were
prepared in MQ water, water-suppression was applied to prevent the water peak from
overlapping other sample peaks.

2.2.3. Procedure
Preparation of release medium (150mM PBS). A 1L volumetric flask was filled halfway with
MQ water and thereafter 862.7mg sodium phosphate dibasic and 470.3mg of sodium phosphate
monobasic was added creating 10mM PBS. The pH in the solution was then adjusted to 7.42
using 1M NaOH. Finally, the flask was filled to the 1L mark with MQ water and 8766mg NaCl
was added in order to obtain the desired ionic strength of 150mM.
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Preparation of standardcurves. Standardcurves for both PB and VA were prepared in order to
enable quantification of the peptide drugs during release studies. When using the µDiss, applying
the standardcurves during release studies allowed for immediate conversion of absorbance to
concentration thereby making it possible to follow the drug release as concentration vs. time.
Since the peptide drugs were released into 150mM PBS, standard solutions were made under the
same conditions. PB standard solutions were prepared at 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
200, 250, 300 and 500µg/mL meanwhile VA standard solutions were prepared at 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 150 and 200µg/mL. The concentration range was chosen in order to
include the concentrations expected to appear during drug release thereby providing accurate
quantification. The λmax range used for PB was 268-278nm (peak at 273nm) and the range used
for VA was 270-288nm (peak at 280nm).

Release studies. Release studies were carried out using the µDiss profiler where drug release
was followed as concentration vs. time. The setup used was made in-house and consisted of a
0.030m long syringe barrel with a circular area of 0.18857cm2, the membrane of choice (0.22µm
MCE or a metal net membrane), 150mM PBS as release medium and the formulation (figure 10).
First, the membrane was attached to the bottom of the syringe barrel (held in place using
parafilm) and thereafter 330µL of the formulation was added on the membrane. Data collection
was initiated as the bottom of the syringe barrel was placed inside a 25mL glass vial containing
15mL of 150mM PBS and a cross magnetic stirrer. With the membrane and release medium in
contact, the increasing drug concentration in PBS could be followed as the formulation dissolved
and diffused through the membrane.

Using 330µL of the 3.5mg/mL formulations entailed a maximum final concentration of 77µg/mL
in 15mL PBS. The much larger volume of release medium guaranteed that the desired sink
conditions were obtained. With sink conditions, the chances of obtaining drug saturation in the
release medium is eliminated which in turn decreases the chances of concentration gradients
slowing down the release rate. Since drug saturation rarely occurs in vivo after a SC injection,
mirroring this concept in vitro was essential.

Figure 10. A schematic overview of the in-house setup used for drug release studies. The membrane of
choice was placed at the bottom of a syringe barrel and the formulation was added onto the membrane.
Pictured is the 0,22µm MCE membrane and in brackets is the metal net membrane. The bottom of the
syringe barrel was then placed inside a vial containing 150mM PBS and a cross magnetic stirrer. This
allowed for peptide diffusion through the membrane into the release medium which was recorded using
the µDiss probe.
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Release rate model for fraction released peptide over time. In order to illustrate the fraction
of peptide released from the formulations over time, a release rate model presented in Fan et al.
[25] was applied. The idea behind this model is shown in figure 11 where the y axis represents
the peptide concentration while the x axis represents the distance from the formulation’s
rearward edge. Inside the formulation region the peptide concentration is high and once the
release medium dissolves the coacervate, the peptide diffuses through the membrane and into the
release medium following steady state kinetics. The model assumes a pseudo-steady state in the
membrane which entails a linear concentration gradient. However, inside the formulation, a
non-linear gradient (non-steady state) arises and the concentration at the boundary to the
membrane decreases constantly. This means that the linear gradient in the membrane also
changes. However, it is assumed that gradient is re-established at each time point and this is why
pseudo-steady state can still be applied. It is also implied that free peptide is what diffuses
through the membrane and this is due to the assumption that salt rapidly penetrates into the
formulation. Finally, as the peptide diffuses into the release medium, the fraction of released
peptide starting from zero will then increase over time.

Figure 11. The release rate model illustrating the peptide concentration as a function of distance from the
rearward edge of the formulation. Starting from the rear edge, the peptide concentration is high. Once
dissolved by the penetrating salt from the release medium, the peptide diffuses through the membrane
following steady state kinetics. Starting from zero, the fraction of released peptide then increases over
time.

In order to plot the fraction of released coacervate as a function of time, equation 1 was used
with the help of Prof. Per Hansson. As shown in the equation, the fraction released (Mt/M∞) is
dependent on a number of factors such as the formulation thickness (δ) and peptide diffusion
coefficient through the formulation (Dm). The remaining two terms, L and , depend on eachβ
other and can be described using equations 2 and 3.
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The model described in Fan et al. describes the transport through a boundary layer using a mass
transfer coefficient denoted as “h”. In this case, the membrane forms a "boundary layer" and then
the interpretation of the mass transfer coefficient becomes h = D / T where D represents the
peptide diffusion through the membrane and T represents the membrane thickness (figure 11).
The peptide diffusion through the membrane was set to 2x10-10 m2/s and the membrane thickness
varied depending on the type of membrane. For the 0.22µm MCE membrane, T was set to
150µm and for the metal net membrane T was equal to 350µm. The peptide diffusion through the
formulation (Dm) was set to 20x10-10 m2/s and the membrane thickness (δ), which was the
distance between the formulation and the membrane, was set to 2.5cm (figure 11). With this
information, h and in turn L, could be calculated for both membranes. The remaining β term is
the n:th zero function of β=f(L). In the sum in equation 1, the value of the first positive zero for
the term corresponding to n=1 was inserted, thereafter the second positive zero for the term n=2
was inserted, and so on. The number of terms was increased until the result no longer changed
significantly and in this case, 10 terms seemed to suffice. Once a β for each term was obtained,
the fraction of released peptide could then be calculated and thereafter plotted as a function of
time.

3. Results and discussion
3.1. Coacervate formulations
3.1.1. 1:1 charge ratio at pH 7

For both peptide drugs, 1:1 charge ratio at pH 7 showed clear solutions at all ionic strengths in
combination with HA. In regards to CMC, PB-CMC showed no signs of coacervation as only
clear solutions were obtained. VA-CMC showed weak signs of coacervation at ionic strengths
0-30mM which eventually subsided into clear solutions with increasing salt concentration (figure
12). By successfully dissolving 3.5mg of VA in 1mL of MQ water it could be confirmed that the
observed coacervation was not a result of insolubility. These results align well with what theory
states which is that salt has a dissociating effect on coacervates. With increasing salt
concentration, the charges on both VA and CMC are screened by the counterions which disrupts
coacervation. In addition, the presence of more salt means less entropy is gained when releasing
the counterions which also makes coacervation less likely to occur.

Figure 12. VA-CMC at 1:1 charge ratio (3.5mg VA in 0.10% w/w CMC), pH 7 and ionic strengths 0, 10,
20, 30, 60, 70 and 150mM. Weak signs of coacervation can be seen at 0-30mM.
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3.1.2. Varying charge ratios at pH 7
Aside from 1:1, additional charge ratios were tested for the different formulations at 10mM and
only when coacervation was obtained were ionic strengths ranging from 0-30mM investigated.
Both charge ratios tested for VA-HA, 2:1 and 3.2:1, showed clear solutions and VA-HA was
therefore not investigated further. On the other hand, VA-CMC showed obvious coacervation at
2:1 and 3:1 charge ratio, therefore additional ionic strengths of 0mM, 20mM and 30mM were
investigated. As expected, coacervation was most prominent at lower ionic strengths. VA-CMC
at 2:1 charge ratio showed most pronounced phase separation at 0mM and 3:1 charge ratio
exhibited a distinct two-phase system at both 0mM and 10mM (figure 13).

As for the PB formulations, four charge ratios ranging from 1.5:1-3:1 were tested for PB-HA and
only clear solutions were obtained. When testing nearly identical charge ratios for PB-CMC, a
white suspension was observed at 1.4:1 charge ratio followed by evident coacervation at 1.8:1.
Furthermore, a less prominent two-phase system was obtained at 2.2:1 charge ratio and a clear
solution could be seen at 2.7:1. As a result of this, additional ionic strengths were investigated at
charge ratios 1.8:1 and 2.2:1. At 1.8:1, precipitation was obtained at 0mM followed by
coacervation at 10mM which then subsided at ionic strengths > 10mM (figure 14). The
precipitation at 0mM is not unusual and can be seen as electrostatically driven. In the absence of
salt and subsequent charge screening, PB and CMC molecules are able to release bound water
molecules in order to facilitate binding. The tighter binding between the macromolecules could
ultimately result in the observed precipitation of the PB-CMC complexes. Worth mentioning is
that most of the water molecules are not actually “bound” in the ordinary sense. In reality, the
complexes have different degrees of osmotic swelling due to the confinement (“holding in
place”) of water molecules. Furthermore, at 2.2:1 charge ratio, coacervation was most distinct at
0mM followed by a weaker two-phase system at 10mM which then subsided into a white
suspension at ionic strengths > 10mM (figure 14). However, both two-phase systems at 0 and
10mM dissolved after two days categorizing them as unstable (figure 15). It is known that salt
has a dissociating effect on coacervates, however at 0mM, it is unlikely that dissociation of the
complexes is what occurs. The more probable scenario is that the coacervates underwent wetting
by the surrounding water molecules which over time resulted in the formation of soluble
complexes.

As for VA-CMC, solubility studies were carried out where 3.5mg of peptide drug was dissolved
in 1mL of MQ water which confirmed that the observed phase behavior was not a result of
insolubility. Thus, one can conclude that increasing the peptide to polyelectrolyte ratio for both
VA-CMC and PB-CMC led to more successful coacervation. A possible explanation is that with
excess CMC, coacervation was actually sterically hindered by the polyelectrolyte. Once the
amount of CMC was lowered, it became possible for the peptide molecules to saturate the CMC
chains thereby forming peptide-polyelectrolyte complexes. Studies have shown that coacervation
can be suppressed by having excess polyelectrolyte and that even excess peptide may result in
peptide aggregation instead of complex formation. This proves that successful coacervation
ultimately comes down to finding the optimal mixing ratio [26]. Another possible explanation is
that the presence of excess polyelectrolyte (of high Mw) facilitated the dissolution of the formed
complexes. Unlike the peptide drugs, polyelectrolyte chains lose less entropy through
complexation which leads to excess polyelectrolyte charges present in the solution. Counterions
can then bind to these charges which swells up the complex phase and results in dissolution.
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Figure 13. a) VA-CMC at 2:1 charge ratio (3.5mg VA in 0.05% w/w CMC), pH 7 and ionic strengths 0
and 10mM, showing a clear two-phase system at 0mM. b) VA-CMC at 3:1 charge ratio (3.5mg VA in
0.03% w/w CMC), pH 7 and ionic strengths 0, 10 and 20mM with obvious coacervation at 0 and 10mM.

Figure 14. a) PB-CMC at 1.8:1 charge ratio (3.5mg PB in 0.30% w/w CMC), pH 7 and ionic strengths 0,
10 and 20mM, showing evident coacervation at 10mM. b) PB-CMC at 2.2:1 charge ratio (3.5mg PB in
0.25% w/w CMC), pH 7 and ionic strengths 0, 10 and 20mM with obvious coacervation at 0mM.

Figure 15. PB-CMC at 2.2:1 charge ratio (3.5mg PB in 0.25% w/w CMC), pH 7 and ionic strengths 0 and
10mM, two days later.

3.1.3. Varying pH at 1:1 charge ratio
To ensure that the polyelectrolytes remain fully charged, only pH values above 7 for CMC and
above pH 5 for HA were tested at 10mM for all formulations as these lie two pH units above
their pKa. VA-HA showed no signs of coacervation as only clear solutions were obtained at all of
the tested pH values ranging from 5.12-11.86. On the other hand, VA-CMC showed weak signs
of coacervation at pH 9.12 and 9.92 (figure 16). To ensure that the obtained phase behavior was
not a result of insolubility, solubility studies were carried out at both pH values and clear
solutions were obtained. Despite observing some phase separation, no additional ionic strengths
were investigated as only weak signs of coacervation were obtained. The one-phase system
observed at pH 11.00 and 11.83, in which VA is even more charged than at pH 9.12 and 9.92,
could be a result of ultimately reaching a charge imbalance between VA and CMC.

PB-CMC and PB-HA exhibited no signs of coacervation at pH values below the pKa of PB as
only clear solutions were obtained (pKa = 10). Once the pH surpassed 10, a white suspension
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was obtained with PB-CMC at pH 10.38. Thereafter, clear solutions were obtained at pH 11.18
and 11.64 followed by the formation of gel-like coacervates at pH 11.76 and 11.84. Once the pH
reached as high as 11.94, a white turbid solution was obtained. PB-HA followed a similar trend
exhibiting clear solutions in the pH range of 5.07-11.62 followed by gel-like formulations at pH
11.73 and 11.80. Similarly, once the pH reached 11.91, a white turbid solution was obtained.
Solubility testing confirmed that the white turbid solutions obtained at pH 11.94 and 11.91 were
in fact a result of insolubility. On the other hand, solubility testing at the pH values in which
gel-like coacervates were obtained resulted in clear solutions thereby confirming that insolubility
was not the cause behind the observed phase behavior.

The gel-like formulations can be seen in figure 17 and as a result of their occurrence, additional
ionic strengths ranging from 0-150mM were investigated. The same gel-like consistency was
obtained in all formulations except those at 150mM which showed only clear solutions. In
contrast to previous coacervate formulations, this result entailed that only an ionic strength of
this magnitude was able to dissociate the formed complexes. There are two possible explanations
as to why more gel-like formulations were obtained under these specific conditions. At such high
pH, PB is roughly 5% ionized making PB-PB aggregation via hydrophobic interactions possible.
Furthermore, the polyelectrolyte present in the formulation could have helped facilitate this
peptide aggregation by screening the charges on the salt which would also explain its poor
dissociating effect. Without the polyelectrolyte present in the formulation, clear solutions were
obtained once PB was mixed with 10mM of MQ water which indicates that charge screening of
the salt may have in fact facilitated peptide aggregation. Furthermore, the dominating gel phase
seen in figure 17 could be due to the presence of a more rigid polymer network taking up most of
the volume thereby resulting in very little dilute phase. Another explanation behind the resulting
gel formulations is the possible occurrence of charge regulation or coacervation on “the wrong
side of pKa”. This phenomenon states that once pH ≈ pKa, peptides will alter their net charge if
approached by another charged surface [27, 6]. This entails that PB may have adopted a positive
net charge despite being on the “wrong side” of its pKa. With this positive net charge, PB and
CMC could have had induced charge-charge interactions that resulted in their complexation.

Figure 16. VA-CMC at 1:1 charge ratio (3.5mg VA in 0.10% w/w CMC), 10mM and pH 7, 9.12, 9.92,
11.00 and 11.83 (left to right).

20



Figure 17. a) PB-CMC at 1:1 charge ratio (3.5mg in 0.50% w/w CMC), 10mM, pH 11.76 and 11.84
showing a gel-like formulation. b) PB-HA at 1:1 charge ratio (3.5mg in 0.50% w/w HA), 10mM, pH
11.73 and 11.80 exhibiting a similar gel-like formulation. c) PB-CMC at 1:1 charge ratio (3.5mg in 0.50%
w/w CMC), 30mM and pH 11.84, showing a clearer illustration of the resulting gel.

3.1.4. Varying charge ratio and pH
As an attempt to achieve coacervation with HA, additional experiments at 10mM were carried
out where both physicochemical parameters were altered. Charge ratios 3:1 and 3.2:1 for PB-HA
and VA-HA, respectively, were tested at various pH values as they had previously achieved
successful coacervation at pH 7. Both PB-HA and VA-HA showed no signs of coacervation at
any of the tested pH values ranging from 5.01-11.86 as only clear solutions were obtained.
Therefore, excluding the PB-HA gel, coacervation with HA proved to be unsuccessful despite
altering both the charge ratio and pH. Ultimately, it is possible that complex formation was just
not favorable under the tested conditions.

Configurational entropy is a term used to describe entropy arising as a result of polymer chain
flexibility. In turn, coacervation can be disfavored if the loss of configurational entropy is greater
than the potential gain attained with complexation [28]. In this case it could be that the HA
chains provide more entropic gain when fully charged and free in solution than in complexation
with PB or VA. However, CMC chains are shorter and shorter chains lose more configurational
entropy in forming complexes than longer chains. Therefore, according to this theory, CMC
should not have formed coacervates either since it would provide more entropic gain free in
solution. This entails that the unsuccessful coacervation with HA must be governed by additional
factors and not just the aspect of configurational entropy.

3.2. Drug release studies
3.2.1. Summary of coacervate formulations used in drug release studies

Only the formulations with prominent two-phase systems, presented in bold in table 5, were used
in drug release studies. At charge ratios 2:1 and 3:1 at pH 7, VA-CMC showed an obvious
two-phase system at lower ionic strengths and was therefore used in drug release studies.
Similarly, PB-CMC showed evident coacervation under similar physicochemical conditions and
was therefore also used to test drug release. Lastly, the gel-like formulations obtained with
PB-CMC and PB-HA at 1:1 charge ratio and in the pH range 11.73-11.84 were also used in drug
release studies. Since these formulations showed the same predominating gel phase at all ionic
strengths between 0-70mM, those chosen for drug release studies were selected at random.
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Table 5. A summary of all the obtained coacervate formulations. Marked in bold are those that were tested
in drug release studies.

Charge ratio pH Ionic strength (mM)
VA-CMC 2:1 7 0

3:1 7 0, 10

PB-CMC 1.8:1 7 10

2.2:1 7 0

PB-CMC 1:1 11.76 0, 10, 20, 30, 60, 70

11.84 0, 10, 20, 30, 60, 70

PB-HA 1:1 11.73 0, 10, 20, 30, 60, 70

11.80 0, 10, 20, 30, 60, 70

3.2.2. Membrane selection
When selecting a membrane for drug release studies it became clear that the gel-like
formulations would require a different membrane than the liquid coacervate formulations. After
testing several membranes, including the 0.22µm MCE membrane chosen for the liquid
coacervates, a metal net membrane was selected for the PB-CMC and PB-HA gels. This
membrane was chosen as it showed no interaction with the formulations and had a suitable pore
size (0.10 mm) resulting in reasonable release rate profiles. Prior to this, 0.22µm MCE, 1.2µm
and 180µm nylon net filters and 30µm polypropylene were all tested and deemed unfitting. With
these membranes, residual gel could be seen on top of the membranes after experiment runs and
release rate curves seemed to exhibit fluctuating concentrations over time (Appendix 2),
indicating clogged pores and possible membrane interactions. Furthermore, peptide solutions
were tested with dialysis membranes of MWCO 3.5kDa and 12-14kDa and results showed that
the peptides alone needed > 3 days to diffuse through the membrane. Thus, the dialysis
membranes were also deemed unfitting for drug release studies as they would result in
unreasonable experiment durations. Therefore, drug release studies proceeded with 0.22µm MCE
for the VA-CMC and PB-CMC liquid coacervates and a metal net membrane for the PB-CMC
and PB-HA gels.

3.2.3. VA-CMC
Presented in graph 1 is the release rate of the VA-CMC formulations through 0.22µm MCE. By
applying the standardcurve for VA (Appendix 1), the release rate could be followed as
concentration vs. time and as previously mentioned, 77µg/mL was the maximum concentration.
As shown in the graph, maximum release was obtained after 8-9h for all three formulations. The
difference in final concentrations was expected since not all formulations had the same amount
of coacervate phase. This entails that the 330µL added onto the membrane could occasionally
include some dilute phase which would explain the final concentrations lying below 77µg/mL.
The trend that can be seen from the release profile is a faster drug release below 2h followed by a
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slower release rate. Responsible for the faster initial release is the portion of coacervate closest to
the membrane, for it is this portion that the release medium reaches first and manages to
dissolve. The dissolved VA then diffuses through the membrane and a more rapid increase in
concentration is observed. The slower release rate may be a result of residual VA, that did not
initially dissolve, gradually dissolving and diffusing through the membrane. Worth noting is the
similarity between the release profile of VA and the formulations. This similarity may be due to
the fact that the salt rapidly dissolves the complexes so that in practice there is free diffusion of
the peptide out of the formulation, through the membrane, and into the release medium. The
similarity may also be due to the presence of membrane effects that impacted the release rate.
The presence of such membrane effects would make it hard to confirm that the release rate
profile was a fair representation of the formulation. Nevertheless, judging from the release rate
profiles one could conclude that the VA-CMC formulations seem to have a direct release
followed by a slower prolonged release profile.

Graph 1. The release rate profiles of the VA-CMC coacervate formulations through a 0.22µm MCE
membrane. Also presented is the release rate profile of the peptide alone through the same membrane.

3.2.4. PB-CMC
Illustrated in graph 2 is the release rate of the PB-CMC formulations through 0.22µm MCE. As
for VA-CMC, drug release could be followed as concentration vs. time by applying the
standardcurve for PB (Appendix 1). The maximum concentration was reached after 9h for both
of the tested formulations and only the one with enough coacervate phase managed to obtain a
final concentration of 77µg/mL. The trend that can be observed is a faster release rate followed
by a plateau and then another release rate increase followed by a second plateau. Similar to
VA-CMC, the faster initial release rate is most probably due to the dissolution of the coacervate
in direct contact with the membrane. The plateau-increase-plateau then represents the dissolution
of all the coacervate that did not initially dissolve but manages to do so hours later resulting in a
second increase in concentration.
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Compared to VA-CMC, it becomes clear that the PB-CMC coacervates seem to take longer time
to dissolve which indicates that the complexes present are more tightly bound. This is made
apparent when looking at the initial release rates which are both described as “fast”, but once
compared, the release of PB-CMC seems to be quite slow. In addition, the 2h plateau also
illustrates the slow dissolution of rather more tightly bound complexes. Furthermore, unlike
VA-CMC, the PB-CMC release rate profiles do not indicate any possible presence of membrane
effects making it easier to confirm that the results are a true representation of the formulation. In
conclusion, the release rate profiles illustrate that the PB-CMC formulations seem to result in a
sustained release effect.

Graph 2. The release rate profiles of the PB-CMC coacervate formulations through a 0.22µm MCE
membrane. The release of the peptide alone through the same membrane is also presented in the graph.

3.2.5. PB-CMC and PB-HA gels
Presented in graphs 3 and 4 are the release rate profiles of the PB-CMC and PB-HA gel
formulations through the metal net membrane. An interesting observation is the similarity
between the release rate profiles of the PB-CMC liquid coacervates and the PB-CMC gels. The
similarity indicates that despite the difference in phase behavior, the release of PB from these
formulations is the same. Whether it be PB-CMC complexes or PB-PB aggregates, both take just
as long to dissolve and diffuse through the membrane. Unlike PB-CMC, the PB-HA gels reached
maximum release after just 1h. This entails that in this case, the PB-HA complexes or PB-PB
aggregates are much less tightly bound making them easier to dissolve. In order to visually
observe the behavior of the gels when in contact with the release medium, 150mM MQ water
was added to each respective gel formulation and observations confirmed that the PB-HA gel
does in fact dissolve much faster. Thus, judging from the release rate profiles it seems that the
PB-CMC gel formulations have a sustained release effect while the PB-HA gels show more of a
direct release.
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As for membrane effects, using the metal net membrane showed no impact on the release rate.
One can see from the graphs that the peptide alone diffuses through the membrane unhindered
and reaches a maximum concentration in only 15 minutes, making it possibly more suitable than
0.22µm MCE for drug release studies. Worth mentioning is that both gel formulations, after
staying at room temperature for ≥ 3 weeks, showed an additional peak at around 280-290nm
during release studies (Appendix 3). This peak did not belong to CMC as it had a peak between
290-310nm, nor did it belong to HA which had no detectable UV absorption. NMR studies were
run and results showed the possible occurrence of PB degaration. This was seen as the splitting
patterns in certain regions did not quite comply when comparing the spectrum for a PB-HA gel
vs. a PB-HA solution (Appendix 4). PB is known to be stable in powder form, however, stability
studies have confirmed that the peptide is not as stable in solution [29, 30]. Furthermore, one
particular study tested the peptide’s stability in extreme pH and came to the conclusion that
higher pH values (pH > 7) can actually accelerate the degradation of PB [29].

Graph 3. The release rate profiles of the PB-CMC gel formulations through a metal net membrane. The
graph also presents the release rate profile of the peptide alone through the same membrane.
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Graph 4. The release rate profiles of the PB-HA gel formulations through a metal net membrane. The
release profile of the peptide alone through the same membrane is also presented in the graph.

3.2.6. Method limitations and fraction released coacervate over time
After conducting all drug release studies, a limitation with the set-up used in the experiments was
discovered that unfortunately affected the reliability of the obtained data. As shown in figure 10,
the syringe barrel containing the coacervate was placed inside the vial with PBS. However, the
syringe barrel was only placed low enough to allow for contact between the membrane and the
release medium. Furthermore, it was observed that the formulation thickness set at 2.5cm was
not upheld throughout the release studies but the level actually sunk gradually during the
experiment runs. These two factors indicate that the peptides route through the membrane into
the release medium was most likely a result of diffusion and convection. With the syringe barrel
positioned as high as it was, convective forces managed to push the formulation down which is
why the formulation thickness of 2.5cm sank over time. Had the liquid level around the syringe
barrel been higher, the convective forces could have been counteracted. A higher liquid level
could have been achieved by either lowering the syringe barrel deeper into the release medium or
by increasing the volume of PBS.

The presence of convection made fitting a release rate model to the obtained release rate data
difficult since it would require taking the convective forces into consideration. Due to time
limitations this could not be accomplished. Therefore, illustrated in graph 5 is a series of
theoretical curves that demonstrate how the fraction released over time would look like using the
model presented in Fan et al. [25] which only takes diffusion into consideration. For profile 1, a
membrane thickness of 150µm was used which illustrates how a formulation diffusing through a
0.22µm MCE membrane would look like. For profiles 2 and 3, a membrane thickness of 350µm
was used which represents a formulation diffusing through the metal net membrane. Profile 3
was plotted using a different diffusion coefficient (Dm) just for investigative purposes.
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As shown in the figure, the fraction released coacervate over time remained quite low for all
theoretical curves. Judging from the release rate profiles presented in graphs 1-4, complete
release was achieved for almost all drug release studies as the final concentrations stayed
between 56-77µg/mL. Despite this, the theoretical curves do not seem to comply which
ultimately proves the presence of convection during the release studies. In addition, the diffusion
coefficient set to 20x10-10 m2/s in graphs 1-2 and 2x10-10 m2/s in graph 3, is actually
unrealistically high, but despite this, the calculated fractions remained much lower than the
experimental release rate curves. Once again, this proves the presence of an additional force
other than diffusion making the experimental release rate curves depict full release when in
reality that might not be the case.

Graph 5. Fraction released coacervate over time using the model provided by Fan et al. [25].
1) Membrane thickness = 150µm, Dm = 20x10-10 m2/s, L = 8.31, , δ = 2.5cm.
2) Membrane thickness = 350µm, Dm = 20x10-10 m2/s, L = 3.57, δ = 2.5cm.
3) Membrane thickness = 350µm, Dm = 2x10-10 m2/s, L = 35.7, δ = 2.5cm.

4. Conclusions
In conclusion, coacervation was obtained with VA-CMC, PB-CMC and PB-HA. For VA-CMC,
the most prominent two-phase systems were achieved at 2:1 and 3:1 charge ratio, pH 7 and ionic
strengths 0mM and 10mM. Similarly for PB-CMC, phase separation was obtained at 1.8:1 and
2.2:1 charge ratio, pH 7 and ionic strengths 0mM and 10mM. Thus, one can conclude that
increasing the charge ratio improved coacervation. The presence of excess CMC may have
sterically hindered complexation or facilitated the dissolution of the complexes which is why
decreasing the polyelectrolyte concentration led to better coacervation. Furthermore, gel-like
coacervates were obtained with PB-CMC and PB-HA at higher pH values. PB-CMC exhibited
gel formulations at pH 11.76 and 11.84 meanwhile PB-HA formed gels at pH 11.73 and 11.80.
Both gel coacervates were obtained at 1:1 charge ratio and ionic strengths 0-70mM. The
formation of these gels was most likely a result of PB-PB aggregation or charge regulation. Since
PB is only 5% ionized at such high pH, peptide aggregation may have occurred via hydrophobic
interactions. It is also possible that charge regulation took place since these pH values lie near the
peptides pKa, which is where charge regulation is known to occur.
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From the drug release studies one could conclude that the VA-CMC coacervates seem to have a
direct release effect followed by a slower prolonged release profile. The PB-CMC liquid and gel
coacervates resulted in a sustained release profile meanwhile the PB-HA gel seemed to have a
direct release effect. Unfortunately, due to method limitations resulting in the possible presence
of not only diffusion but also convection, the conclusions drawn from the release studies can not
be considered 100% reliable.

4.1. Future work
For future work, HA could be investigated further as no coacervation was achieved besides the
PB-HA gel. In this project, a number of different pH, charge ratios and ionic strengths were
tested and in the future one could test even more and in different combinations. In addition, since
HA is such a large polyelectrolyte one could also investigate the effect of Mw on coacervation.
Perhaps, decreasing or increasing the Mw could result in different phase behavior. Lastly, one
could investigate coacervation at higher HA concentrations. In this project, the HA concentration
did not exceed 0.50% w/w but perhaps 1% w/w could give better results. As for drug release
studies, the release rate set-up must be improved. A suggestion would be to use a dialysis bag
containing the formulation and inserting it inside the release medium in order to follow drug
release. The MWCO should be larger than 12-14kDa but preferably below the Mw of CMC and
HA. This would make it possible to solely investigate the release of the drug without any
interference from the polyelectrolytes.

With the increasing desire to use SC injections as a form of drug delivery as it enables
self-administration, the interest in coacervates has increased in tandem. Coacervates have the
ability to provide higher drug concentrations which would decrease injection volumes often
associated with injection site pain. Therefore, studying coacervates is a way to contribute to what
might be the future of drug delivery. Projects, such as this one, are able to provide relevant data
on what physicochemical conditions may result in successful phase separation as well as what
kind of release (direct, sustained etc.) that can be expected from such drug formulations.
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Appendix 1
Standardcurves for PB (λmax = 268-278nm) and VA (λmax = 270-288nm).
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Appendix 2
Release rate profile of a PB-HA gel coacervate through a 1.2µm nylon net filter exhibiting
fluctuating concentrations.

Appendix 3
Absorption spectrum of a PB-HA gel coacervate showing an additional peak at 280-290nm.
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Appendix 4
NMR spectra of a PB-HA solution (first) vs. a PB-HA gel (second). Black circles represent the
regions that did not seem to comply with each other.
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