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Abstract: Here, we report the synthesis of novel folated and fluorescent labelled pH responsive
hyperbranched polymers (HBPS) via reversible addition fragmentation chain-transfer (RAFT) co-
polymerization of 2-propyl acrylic acid (PAA), 2-(dimethylamino) ethyl methacrylate (DMAEMA) and
disulfide diacrylate (DSDA) using 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic acid
(CDCTPA) as RAFT agent and post functionalization via bioconjugation techniques. The resultant
HBPs were characterized by Nuclear Magnetic Resonance Spectroscopy (NMR) and Size Exclusion
Chromatography (SEC). Dynamic Light Scattering (DLS) technique was used to measure the size
changes of HPBs in solutions at different pH values to demonstrate pH responsiveness of the
polymers. The cell uptake evaluations on these folated and fluorescent labelled HBPs were carried
out using HeLa cell line and confirmed by confocal images. The results show that we have successfully
synthesized the desired multifunctional hyperbranched poly (PAA-co-DMAEMA-co-DSDA) with a pH
responsive characteristic and the potentials for use as a drug delivery vehicle.

Keywords: hyperbranched polymers; pH responsive; RAFT polymerization; targeted delivery, cell
uptake

1. Introduction

Cancer is regarded globally as a major burden on the medical sector, with an estimated 14.1 million
new cases diagnosed in 2012[1], whilst in 2018 it is estimated that there will be an increase in incidence
with an estimated 18.1 million new cancers[2]. Cancerous tumors are generally regarded as being either
benign or malignant, where benign tumors are usually operated on and removed from the patient, if the
factors such as: the type of cancer (e.g. pancreatic, lung, mouth); the size of the tumor and stage of
progression, the locale of the tumor and the general health of the patient are all considered and are
deemed to be suitable for operation by the physician. Should the tumor present itself as inaccessible,
particularly aggressive (as is seen in late stage cancers) or inoperable, as is the case for leukemia or
lymphoma,; radiotherapy, chemotherapy or a combination of both is used to treat the cancerous site.
Conventional chemotherapeutics such as doxorubicin and gemcitabine however, suffer from low
efficacy and high toxicity, and in most cases these properties lead to side effects and widely associated
with cancer treatments such as: hair loss[3], fatigue[4], sickness[5], and heightened sensitively to
infection due to a lowered immune system][6].

It was hypothesized that the distinct changes in the tumorous environment, namely, a lowered pH
(ca. -0.5) and an increased temperature (ca +1°C) when compared to healthy physiological conditions
can be attributed to these tissues producing energy almost exclusively via anaerobic glycolysis, followed
by the fermentation of lactic acid, even with an abundance of oxygen[7,8]. Furthermore, it is widely
accepted that the folate receptor (FR) is a confirmed antigen associated with tumorous cells, displaying
overexpression within these tissues[9,10]. This antigen binds folate and folate drug conjugates with
exceptional efficiency, and via endocytosis internalizes these molecules into the cell in question[11].
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For instance Wang et al. designed a [*!In]-DPTA-folate molecule for use as chemotherapeutic
diagnostic, exploiting the overexpression of FR these cells display. They demonstrated that radiotracer
uptake can be observed in both tumor and the accumulation in kidneys[12]. Additionally, the FR has
been exploited to allow for low molecular weight chemotherapeutics[13,14], immune therapeutics[9],
liposomes|[15,16] and drug encapsulated nanoparticles[17] to be successful in delivering payload to the
selected site.

Stimuli responsive polymers have garnered a great deal of scientific interest over the years due to
their ability to respond sharply to even minor changes in external environments, such as pH and
temperature, leading to conformation changes (hydrophilic to lipophilic), changes to overall zeta
potential, and release of guest molecules[18-20]. Other techniques have been employed to impart a
pH responsive nature such as in polymer drug conjugates. For instance, Rodrigues et al developed an
acid-sensitive PEG conjugate of doxorubicin with cleavable hydrazone linkage. Utilizing fluorescent
techniques the distribution of the drug was found to be within the cytoplasm of the LXFL 529 cancer
cells, as oppose to the free drug which had accumulated predominately in the nucleus[21].
Hyperbranched polymers, as oppose to their linear counterparts, display characteristics desirable for
drug delivery systems such as: high solubility, low solution viscosity and a high number of terminal
functional groups that can be exploited for further chemical modification[22—-25]. Furthermore, through
careful design of polymer architecture, post reaction modification can be performed introducing
bioactive moieties such as cell penetrating peptides or small molecules that can induce endocytosis
such as folic acid [26,27]. Notably, Hu and co-workers developed cell penetrating hyperbranched
polyprodrug amphiphiles that upon internalization via endocytosis into the cell there is a reductive
milieu-actuated release of their camptothecin prodrug, in the active form, with greater than 70 fold
increase in cytotoxity. Additionally, caging of a Gd complex inside their polyprodrug allowed for the
additional benefit of magnetic resonance imaging, demonstrating a platform for chemotherapeutic and
imaging capabilities synergistically[28]. Additionally, Lee et al developed a double hydrophilic
hyperbranched block co-polymer poly-(ethylene oxide)-hyperbranched-poly glycerol (PEO-hb-PG) that
upon conjugation with doxorubicin formed micellar structures, Conjugation via the previously mentioned
hydrazone linkage allowed this structure to control release within cells as confirmed via confocal images
and an increased toxicity on the HeLa cell line confirmed via MTT assay[29]. These characteristics
have led to stimuli responsive hyperbranched polymers becoming a desirable choice for the
development of drug and gene delivery systems[30-33].

We previously synthesized hyperbranched pH responsive co-polymer using 2-propyl acrylic acid
(PAA) and polyethylene glycol diacrylate (PEGDA) via reversible addition fragmentation chain transfer
polymerization (RAFT), and this structure was found to respond sharply to acidic environments[34].
Hemolysis studies indicated that at physiological conditions (pH 7.4) no activity was found however,
90% activity was discovered at pH 5.8. This activity was attributed to the PAA moieties within the
structure. It is understood that Poly (PAA) is an acid responsive homopolymer, due to the polyelectrolyte
nature of the material. At a low pH (<6) the polymer forms a compact hypercoiled structure, whereas
when the pH is raised it is ionized and the structure becomes solvated and adopts a more open coiled
conformation[35,36]. Yin and co-authors synthesized co-polymer of PAA and N-isopropylacrylimide
(NIPAM) to yield Poly (NIPAM-co-PAA) utilizing both the pH responsive nature of PAA alongside the
well-studied temperature responsive properties of PNIPAM. It was found that in dilute solutions sharp
transitions within the pH range 5-6 were observed. This was attributed to the ionization of the carboxylic
acid group via protonation and further by temperature dependent phase separation by the Poly (NIPAM)
segments[37]. In this work, we aim to produce PAA based pH responsive hyperbranched co-polymers,
with an additional benefit of reducibility via the introduction of a disulfide diacrylate moiety (DSDA).
Through the introduction of a divalent disulfide bond within a symmetrical multi-vinyl monomer (MVM),
the branching properties afforded via the use of other MVMs such as PEGDA can be retained whilst
reduction can occur in situ allowing biodegradable properties[24]. For instance, the disulfide bond is
known to be susceptible to attack by both electrophiles and nucleophiles, and therefore a variety of
reducing agents can be used to convert from a disulfide, or thiocarbonates, into the corresponding thiol
groups[24,27,38-40], whilst also it has been displayed by Zhao et al. that degradation of their
DMAEMA-DSDA hyperbranched co-polymer proceeded at a much higher rate with the introduction of



glutathione[41]. This response therefore, leads this monomer as a highly desirable building block for
drug delivery vehicles due to biodegradable properties.

Controlled radical polymerization techniques such as atom transfer radical polymerization
(ATRP)[42—-44], nitroxide mediated polymerization (NMP)[45,46] and the aforementioned RAFT[47—-49]
allow greater control over polymerization than conventional free radical polymerization. This control
allows the synthesis of polymers with complex topologies, control over molecular weight and desirable
narrow poly dispersity (D). RAFT particularly allows control over the synthesis by addition of only RAFT
agent into the mixture of monomers, initiator and solvent if desired. As opposed to other controlled
methods such as ATRP, there is no need for transition metal catalysts to be present to afford such
control, which have their own toxicity concerns associated with them. Additionally, RAFT agents can be
fine-tuned to meet the needs of specific systems thus affording RAFT polymerization the advantage of
being compatible with a broad range of monomers. Furthermore, RAFT agent end groups are found at
the terminus of dormant polymer chains, this yields the advantages for post modifications of the
structure, that were previously not possible due to lack of appropriate functional groups within desired
monomer repeating units.

This work aims to take the advantages of controlled radical polymerization technique (RAFT) and
folate targeted drug delivery, in order to increase payload efficacy, whilst also limiting toxicity to the
surrounding environment. Co-polymerization of three monomers 2-propyl acrylic acid (PAA), 2-
(dimethylamino) ethyl methacrylate (DMAEMA) and disulfide diacrylate (DSDA) was performed
(Scheme 1) and the resultant HBPs exhibited a desired pH response demonstrated by dynamic light
scattering (DLS). In addition, Steglich esterifications via the N-hydroxy succinimide/
dicyclohexylcarbodiimide (NHS/DCC) coupling reaction were performed to functionalize the resultant
HBPs with targeting ligand (folic acid) and fluorescent tag (Rhodamine B ethylenediamine) for in vitro
uptake studies on the HelLa cell line.

2. Materials and Methods

2.1 Materials

All solvents were purchased from Fisher Scientific as analytical grade and used as received.
Diethyl propyl malonate (Alfa aesar 99%), 2-2’-disulfanediylbis(ethan-1-ol) (90% technical grade),
diisopropyl azodicarboxylate (DIAD) (alfa aesar 94%), triphenylphosphine (ACROS Organics 99%),
hydrazine hydrate 55% (35% hydrazine) (ACROS Organics) and folic acid (Fisher bioreagents) were
all purchased from Fisher Scientific and used as received.

2-(Dimethylamino)ethyl methacrylate (98%), 4-4’-azobis(4-cyanovaleric acid) (98%), Kolisov
PEG400, phthalmide (99%), ethylene diamine (99%), BOC anhydride (97%), N-hydroxy succinimide
(NHS 98%), dicyclohexylcarbodiimide (DCC 99%), tri-fluoroacetic acid (TFA 99%) and rhodamine B
were all purchased from Sigma Aldrich and used as received.

4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic acid (CDCTPA) was synthesized according
to published method[50].

Dialysis tubing (regenerated cellulose) 2KDa cut off was purchased from Spectrum Labs and were
stored in water in the fridge before use.

Dulbecco’s minimum essential medium, Dulbecco’s phosphate buffered saline (DPBS), penicillin,
streptomycin, L-glutamine, fetal bovine serum (FBS), DAPI (4’,6-diamidino-2-phenylindole), bovine
serum albumin (BSA) and Immu-Mount were all purchased from Sigma Aldrich to the highest possible
grade (suitable for cell culture) and were sterilized before use. HelLa cell line was kindly donated to the
project by Dr. Chris Staples at the North Wales Cancer Research Institute at the school of medical
science in Bangor University.

2.2 Experimental methods

2.2.1 H Nuclear Magnetic Resonance (*H NMR)



1H NMR were run on a 400 MHz Bruker ultra-shield NMR machine loaded with topspin software for 16
scans, with the exception of HBP4060pegt Which was run on a 500 MHz Bruker ultra-shield NMR machine
loaded with topspin software for 512 scans.

2.2.2 Synthesis of monomers and diamine linkers

2-Propyl acrylic acid (PAA) was synthesized using the method reported by Ferritto and Tirell [42].
Disulfanediylbis(ethane-2,1-diyl) diacrylate (DSDA) was synthesized via the reported method from
Huang et al.[51]. Diamine linkers were synthesized using the method reported by D’Arcy et al [44],
with subsequent mono- BOC protections adapted from Muller et al [45]. Full experimental information
and reaction schemes for the synthesis of these compounds can be found in the corresponding “data
in brief article[52]”

2.2.3. Hyperbranched polymer synthesis

All reagents and solvent according to Table 1 were added into a 10 ml reaction vial equipped with open
top cap sealed with PTFE septa. Stirring speed was set to 300 rpm and the reaction vials were purged
with nitrogen for 20 minutes. Reactions were heated to 65°C and left to polymerize for 18 hrs under
nitrogen protection. Reactions were quenched at a set time of 18 hrs was reached in all cases. Polymers
were purified by precipitation once into 8:2 hexane: diethyl ether mixture and then a further two times
into pure ether. Drying was performed in a vacuum oven for 24 hrs at 37.5°C.

2.2.4 Determination of average molecular weight by Size Exclusion Chromatography (SEC)

SEC analysis was performed using an Aligent 1260 Infinity machine equipped with Polargel-M organic
column with DMF as the eluent solvent system (additive 0.1% w/v LiBr). Flow rate was set at 1 ml/min
and Refractive Index (RI) detector was used while the operating temperature was 40°C. poly(methyl
methacrylate) PMMA was used as the calibration standard.

2.2.5 Particle size measurements

Particle size measurements were performed on a Malvern Zetasizer 1000Hsa at 25 °C with a 90°front
scatter laser (633 nm) at Wrexham Glyndwr University. The data were analyzed using PCS v1.61
software package and CONTIN regularization algorithm method. Briefly, HBP4060 and HBP4060pegt
were dissolved in distilled water either at pH 7.4, 6.8 or 5.4, while at a concentration of 0.1% (w/v).
Measurements were made in a 10 mm polystyrene cuvette with 99% transparency and were blown with
compressed air before addition of solution to avoid dust contamination. Cuvettes were allowed to
equilibrate within the machine for 15 mins before sizing experiments were performed.

2.2.6 Conjugation of folic acid onto polymer

The amount of COOH on HBP4060 Polymer was determined via 'H NMR. For folic acid conjugation,
0.3 g of polymer (containing 2.5 mmol of COOH groups) was dissolved in 5 ml DMF and DCC (3.2
mmol, 0.65 g, 1.5 eq) and NHS (3.2 mmol, 0.36 g, 1.5 eq) was added and the reaction was left to stir
for 2 hours in the dark at 30 degrees. Simultaneously, folic acid (0.65 g, 1.49 mmol) was dissolved in 5
ml DMF and DCC (0.6 g, 2.9 mmol) and NHS (0.34 g, 2.9 mmol) were added and the reaction was left
to stir in the dark at 30 degrees. Upon formation of the dicyclohexylurea precipitate the two mixtures
were added together and ethylene diamine added (0.36 g, 6 mmol) allowed to stir in the dark overnight.
In the case of PEG400 linked folate, folic acid was substituted for folate-PEG-NHz (0.2 g 0.2 mmol) and
this was dissolved in 5 ml DMF and left to stir alongside DCC (0.06 g, 0.3 mmol) and NHS (0.03 g, 0.3
mmol). Purification was performed using dialysis (regenerated cellulose 2 KDa cut off Spectrum Labs)
over 4 days in a 5:95 DMF: H20 system (v/v) with system changes every 24 hours. The resultant liquid
was then freeze-dried to yield polymer folate conjugate of either HBP4060ethyir as a yellow powder (30%
wt. yield) or HBP4060pegr as a dark orange/brown powder (80% wt. yield).

2.2.7 Conjugation of rhodamine B ethylene diamine onto polymers



For HBP4060, 30mg of HBP4060 (ca 0.25 mmol COOH) was dissolved in 2 ml DMF in a 10 ml reaction
vial. To this solution, NHS (4 mg, 0.03 mmol) and DCC (6 mg, 0.03 mmol) were added and the solution
was stirred in the dark at ambient temperature for 2 hrs. For HBP4060pegf, 30 mg of HBP4060pegf (ca
0.2 mmol COOH) was dissolved in 2 ml DMF in a 10 ml reaction vial. To this solution, NHS (3 mg, 0.024
mmol) and DCC (5 mg, 0.024 mmol) were added and the solution was stirred in the dark at ambient
temperature for 2 hrs.

Following the above procedures, rhodamine B ethylene diamine (10 mg, 0.002 mmol) was added to
each solution containing either HBP4060 or HBP4060pegf. Then the vial was submerged into a sand
bath protected from light and heated to 30°C and left to react overnight. The solution was then subjected
to dialysis (regenerated cellulose 2KDa cut off Spectrum Labs) in a 5:95 DMF:H20 system (v/v) with
system changes every 24 hours, until the solvent system was colorless (4 days for HBP4060pegrand 5
days for HBP4060). After freeze drying, the products appeared as an orange powder (HBP4060pegtr
yield 33% wt.) and a red powder (HBP4060r yield 60% wt.). Characterization was performed via UV-
Vis absorption spectroscopy in DMF at 554 nm.

2.2.8 Quantification of folate on polymers

UV-Vis electron absorption spectra were recorded using a Perkin Elmer Lambda 35 UV/Vis
spectrophotometer in 10 mm Quartz cells in DMF at ambient temperature, and used for quantification
of the amount of folate linked onto polymers. Calibration curve of folate was established between 5000-
50000 ng/ml at 362 nm to give a resultant R? value of 0.9688.

2.2.9 Quantification of rhodamine on polymers

UV-Vis electron absorption spectra were recorded using a Shimadzu UV-3600 spectrophometer in 10
mm polystyrene cells in distilled water at ambient temperature, and used for quantification of the amount
of rhodamine linked onto polymers. Calibration curve of rhodamine was created between 300 ng/ml-50
ng/ml at 554 nm to give a resultant R? value of 0.9975.

2.2.10 Cell uptake evaluations visualized by confocal microscopy

Polymers labelled with folate either via ethylene diamine (HBP4060ethy) or PEG400 diamine
(HBP4060pegr) and unlabeled polymers (HBP4060) were dissolved into appropriate concentrations
overnight in Dulbecco’s phosphate buffered saline. Samples were then filtered through a 0.2um
membrane filter for sterilization. HeLa cells were cultured in Dulbecco’s Minimum Essential Medium
(DMEM) with 10 % FBS 2 mM glutamine and 100 U penicillin with 0.1 mg/ml streptomycin until they
reached 70-80% confluency and were plated on coverslips in a 24 well plate at roughly 80 K cells per
well at 500 ul overall volume and were left to proliferate for 24 hrs. Rhodamine labelled polymers, sterile
water, rhodamine B (100 pyg/ml) and Dulbecco’s phosphate buffered saline controls were then added
to ensuring the same volume was added into each well in and were left to incubate for 1 hr. Afterwards
the solution was aspirated and washed with PBS. 4 % para formaldehyde solution in PBS was then
added and left for 10 mins before being aspirated. Then a successive wash with PBS was performed,
aspirated and then washed with PBS again. 0.1% (v/v) DAPI (4’,6-diamidino-2-phenylindole) in BSA
(Bovine Serum Albumin) was then added and left to stain for 10 mins, before being aspirated, and the
coverslips removed and washed with sterile water before mounting on microscope slides
(ImmuHistoMount). Confocal images were taken on a Zeiss LSM710 confocal microscope using 63x oil
magnification objective lens, with ZEN Black software. For DAPI visualization 405 nm laser was used
for excitation and Rhodamine 561 nm excitation laser.

3. Results and Discussion

3.1 Synthesis and characterization of pH responsive hyperbranched co-polymers



Hyperbranched co-polymers were synthesized utilizing the well-established Reversible Addition
Fragmentation Chain Transfer (RAFT) polymerization approach from the monomers 2-propyl acrylic
acid (PAA) and 2-(dimethylamino) ethyl methacrylate (DMAEMA) as well as redox sensitive branching
co-monomer DSDA due to the presence of disulfide bond, in varying ratios (Table 1). 4,4’- azobis (4-
cyanovaleric acid) (ACVA) was adopted as the radical initiator, whilst 4-cyano-4-
(((dodecylthio)carbonothioyl)thio)pentanoic acid CDCTPA was chosen as the RAFT agent (Scheme 1).
Reactions were performed until a visible increase in viscosity of the reaction media was noted (in all
cases this was found to be ca. 18 hrs) garnering yields between 60-67% (wt. %) for all reactions. The
change in viscosity was not measured by quantitative means. As stated in the experimental section, the
stirrer bar at the beginning of the reaction was spinning unhindered (stirring rate set as 300RPM),
however, at the specified time (18 hrs) spinning was no longer possible.
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Scheme 1. Synthesis of hyperbranched co-polymers via reversible addition fragmentation chain transfer
(RAFT) polymerization of 2-(dimethylamino) ethyl methacrylate (DMAEMA), disulfide diacrylate (DSDA),
and 2-propyl acrylic acid (PAA). CDCTPA was used as the RAFT agent, while 4,4’-azobis-(4-
cyanovaleric acid) (ACVA) was used as the initiator.

Table 1: Experimental conditions for the Synthesis of pH responsive hyperbranched polymers from RAFT co-
polymerizations of PAA, DMAEMA and DSDA at 65°C in THF and the results from SEC analysis.

Entry Polymer FA RT® Yield SECRI
Sample (Hrs.) | (wt. %) MuwC MnP DE
KDa KDa
1 HBP3070 30:70:1:1:1 18 63 Peak 1 84.5 73.5 1.15
Peak 2 19.4 10.4 1.86
2 HBP4060 40:60:1:1:1 18 67 One broad 24.2 9.0 2.67
peak with a

shoulder
3 HBP5050 50:50:1:1:1 18 60 Peak 1 102.4 83.5 1.23
Peak 2 24.4 15.3 1.59

A" Feed molar ratio of [PAA]:[DMAEMA]:[DSDA]:[RAFT]:[ACVA] B Reaction time ¢ Weight average
molecular weight ®- Number average molecular weight & Dispersity
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Figure 1: 400MHz *H NMR spectrum for HBP4060 (CDCls) (table 1) co-polymer composition n, m, r can
then be calculated from integral data.




Table 2: Molar monomeric feed ratio and resulted copolymer compositions of poly(PAA-co-DMAEMA-co-DSDA)
HBPs determined via 'H NMR analysis.

Sample FA FB
PAA:DMAEMA:DSDA PAA:DMAEMA:DSDA
HBP3070 30:70:1 46:52:2
HBP4060 40:60:1 54:43:3
HBP5050 50:50:1 55:42:3
A-Molar feed ratio for polymerization reactions. B- Co-polymer composition determined by 'H NMR
analysis.

'H NMR analysis of the polymers indicated that all three co-monomers had been incorporated into
the overall polymer structure. It was found that the obtained copolymers contained a higher amount of
PAA than the original feed in all three cases. Our previous experiments on the co-polymerizations of
PAA and DSDA resulted in formation of gels with negligible amount of PAA within the polymer gel
structure due to the relative low reactivity of PAA which can be attributed to the steric hindrance of both
carboxyl group and propyl group for propagation steps[37]. Previous literatures have also reported low
reactivity of the PAA monomer in both homo and co-polymerizations [34,53]. In this work, the
introduction of monomer DMAEMA with the aim to succeed in co-polymerization of three monomer units
forming HBP with both anionic and cationic characteristics, was performed. It is therefore interesting to
see an increased PAA composition through H NMR analysis, whilst also a higher % of DSDA when
compared to the feed. Furthermore, SEC results suggested more distinct two polymer populations for
HBP3070 and HBP5050 (Table 1 and "Data in Brief article”[52] ), whilst one broad peak with a shoulder
for HBP4060 and a lower molecular weight although a much higher dispersity. These results are
interesting, suggesting that the 40:60:1 composition produces polymers with a lower molecular weight
however, the different populations are indistinguishable from one another. This results in a large
dispersity and a broad peak. The large dispersity shown is uncharacteristic of the RAFT polymerization
process, and could be due, in part, to the relatively low amount of RAFT agent used in the reaction
when compared to the initiator. However, as previously stated the low reactivity of PAA lead to the ratio
of 1:1 [RAFT]:.[ACVA] being used as to allow the synthesis of a complex hyperbranched topology
incorporating all monomers. It is hypothesized that a further increase of RAFT agent compared to
initiator would allow for a decrease in molecular weight and a decrease in the dispersity value trending
towards 1, due to an increased controllability of the reaction. However, a decrease in the PAA overall
composition % in the polymer is possible due to a decrease in the low propagation rate.

Calculations for the copolymer composition were made using the following equations. For example,
for the copolymer sample HBP4060, firstly, the integration value per proton is calculated via the sum of
integrations for repeat units via peaks A(PAA), K(DMAEMA) and Q(DSDA) and this value is divided by
the total number of hydrogens within the repeat units (13) (eq.2).

_Ja_JKk_Je
fpeTH_3x_6y_4z (2)

Secondly, the ratio of A, K and Q and then formed from equation (2) is used to calculate the ratio
of repeat units in the polymer (eq.3)

g:ﬁ:% =0.33:0.27:0.015 = 33:27: 1.5 = 66: 54: 3 (eq.3)

6 4

The sum of ratio repeat units is then used to calculate the overall polymer % composition by the
following method (eq.4).

% composition = %%“312—3 «100% = 54:43:3 (4)



Due to the nature of the work, in which endocytosis is facilitated at an approximate upper limit of
200nm diameter of particle, all further work within the study was performed using HBP4060 as the
polymer of choice. (Full HBP Integrations can be found in the corresponding “Data in brief” article[52].

3.2 Assessment of pH Responsive properties and particle sizing

It has been previously reported by Hoffman et al that PAA exhibits desirable pH responsive
characteristics for targeted drug delivery, due to the relatively high pKa of the carboxylic acid moiety
within the structure [54], promoting the observed sharp phase transitions at pH 6 and below via Dynamic
Light Scattering (DLS) particle sizing. This characteristic has led to a plethora of studies into the use of
PAA for acid responsive smart materials. In this study, PAA based HBP4060 was tested for stimuli
responsive characteristics in acidic conditions. It is known that a tumorous environment are more acidic
in nature than healthy tissues, as a result of the Warburg effect[8], which initiates a response that
generates an elevated production of lactic acid, which in turn lowers the pH of the cancerous tissues.
The rationale behind the synthesis of pH responsive polymers is that their response can lead to
endosome escape particularly towards early endosomes, which display a lower pH (ca. 6.5) than
physiological conditions, as a result of the presence of proton pumps that are ATP dependent [55]. This
allows for the provision of drugs to be delivered to intracellular compartments such as the nucleus.

Furthermore, the size of drug carriers is of paramount importance to allow for the exploitation of
the enhanced permeation and retention effect (EPR)[56]. It has been shown that tumor cells can grow
at their vastly enhanced speed because the vascular endothelial growth factor (VEGF) stimulates the
production of the blood vessels to allow the delivery of resources required[57]. Indeed, the function of
VEGEF in the formation of many cancers has led to the use of VEGF-targeted chemotherapy[58]. The
resultant EPR effect observed within tumorous sites allows for nanoparticles[59], liposomes[60] and
macromolecular drugs[61] to accumulate within the cancerous tissues as oppose to their healthy
counterparts. Whilst it may be the case that macromolecular species accumulate more frequently in
these tissues, a “cap” of 200 nm must be placed on drug carriers for delivery purposes as to ensure
that they readily facilitate endocytosis within the cells[62].

To study the effect of pH values on the sizes of our polymer samples in aqueous solutions, the co-
polymer was dissolved at 0.1 %( w/v) at three different pH values (7.4, 6.8 and 5.4) in distilled water.
Visually no “clouding” of the solution was observed, suggesting the polymer solution was completely
homogenous. For further study, particle-sizing measurements were performed, in order to assess
possible changes in conformation of the polymer sample within this pH range. Particle sizing is a
technique that relies on a laser beam bombarding particles and the resultant scatter of that beam is
used to calculate particle size. Therefore, kinetic laws are paramount in understanding and interpreting
the data. It is well known that particles in solution will collide with each other, indeed Einstein first
theorized the idea of Brownian motion in 1905[63]. Therefore, in order to gain a true representation of
particle size, the effects of convection must be negated, and the idea that “multiple scatter”, in which
the laser beam can experience interference from the dissolving media and possible aggregate formation
must be taken into account. Interestingly, it was seen that from pH value 7.4 to 6.8 there was a decrease
in particle size (from 100 nm to 75 nm), before a large increase eclipsing both values at pH value 5.4,
resulting in a particle size of 397 nm, demonstrating the ability of the polymer to respond within solutions
of different pH values. It was observed that within the measured polymer samples there were multiple
population sizes, in all observed samples. Therefore, it could be theorized that the particles of small
size are a true reflection of the polymer size, and the larger diameter reflects aggregation of the
polymers within solution. (Table 3)

Initially this decrease in particle size could be due to the effects of PAA. As previously stated upon
protonation the polymer Poly (PAA) forms a compact structure, which would explain the decrease in
particle size observed. However, the effects of DMAEMA cannot be neglected, and in the case of
HBP4060 there is then a large increase in particle size which could be due to the tertiary amine. Due
to the polyelectrolyte nature of the polymer, there will be transfer of charges across the backbone, from
PAA to DMAEMA and vice-versa, therefore, zwitterionic character, could be a factor in morphological
changes observed via DLS. In addition to this, a change from hydrophilic character of the polymer to a
lipophilic like character could cause the formation of aggregates, thus inducing an increase in particle



size when the pH is lowered to 5.4. This has been suggested by the observation of two distinctly different
particle populations (this data can be found in the corresponding “Data in Brief article[52]” Additionally,
it is plausible that when the HBP is switching from hydrophilic to hydrophobic character, water can be
“trapped” inside of the nanostructure in hydrophilic pockets causing swelling, thus increasing particle
size. It could obtain useful information about the sizes and morphology of the particles by performing
Scanning Electron Microscopy (SEM) or Atomic Force Microscopy (AFM), however sample preparation
for these techniques in general requires the sample in the solid state. With this in mind, the preparation
of the nanoparticles and then subsequent evaporation of the solution media, would interfere with the
particles true nature in solution and therefore would not represent their behavior truthfully. The act of
evaporation and the heat required could induce aggregation of the particles, which previously may not
occur, or the change of polymer topology thus, SEM and AFM were not performed in our study.

Table 3: DLS results for hyperbranched co-polymer HBP4060

pH Particle size Zave(nm)
7.4 100
6.8 75
54 337

The size measuremnts for all samples showed a neglible error of +<0.005 nm.

3.3 Conjugation of Folic Acid via NHS/DCC steglich esterification

After the synthesis of HBPs, folic acid was conjugated onto the hyperbranched structure to create
a nano-sized drug carrier for targeted drug delivery. We carried out the synthesis procedures using two
different linkers with different chain length namely, ethylene diamine and PEGs diamine.

Firstly, we performed conjugation using ethylene diamine via a “random conjugation” in which
control over the selectivity of the reaction was limited, i.e. it was difficult to predict and control the amount
of cross-linked polymer, cross-linked folate and polymer folate conjugates. Unsurprisingly, it was found
that this method provided undesirable yield with a low folate conjugation on the resultant polymer,
alongside crosslinked molecules. It is suspected that there are two possible scenarios which lead to the
low conjugation in this reaction. Firstly there is no control over which COOH group is attacked, this
could be either from the RAFT agent, the PAA moiety itself or folic acid. This lack of control can therefore
yield any of: polymer-polymer conjugate (either RAFT-PAA or PAA-PAA conjugations), folic acid-folic
acid conjugate and the desired folic acid-polymer conjugate. Secondly, aminolysis of the
trithiocarbonate group could occur. As previously reported by Qiu and Winnick, introduction of a free
amine group to their trithiocarbonate based RAFT agent allowed transformation of RAFT polymer end
groups[38]. Due to the diamine nature of the linker employed, the free amine leftover could then be able
to react again and further contribute to unwanted crosslinking. Therefore, control over the bio
conjugation reaction was afforded, via first mono-BOC protecting the PEG diamine linker, followed by
folate conjugation and subsequent deprotection to afford a folate linker conjugate with a free amine able
to react with carboxylic acid moieties on the HBP leading to amide bond formation, and when compared
to the former reaction, had more desirable yields, and folate conjugation, despite a tenfold decrease in
moles of folate used for the latter (table 4).
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(C) further conjugation of rhodamine B ethylenediamine onto HBP4060pegt and (D) the synthesis of
HBP4060:. Linker synthesis (H2N-PEGs-folate and Rhodamine B ethylene diamine) can be found in the
corresponding “Data in Brief” article[52] .

Dialysis has been established as a robust method for the purification of large molecules, trapping
them inside of the membrane whilst smaller molecules diffuse through via osmosis. Hereby, ensuring
that only polymer conjugates remained in the tubing throughout. The use of the dialysis method with
2KDa cut off ensured that any unconjugated moieties, monomeric species and other small molecules
were removed from the reaction mixture during purification. Furthermore, the use of a 5:95 DMF: H20
co-solvent system was employed to ensure organic molecules, such as unconjugated folic acid, solvate
and diffuse through the membrane. Whilst the polymer folate conjugate are readily soluble in water
alone, folic acid itself lends itself to acidic or aprotic media, such as DMSO or acetic acid, although was
able to be solubilized in DMF for the interests of the Steglich esterification, hence the use of this organic
within the dialysis solvent system. Interestingly, after the specified time period, it was found that a
clumpy white powder had formed at the base of the dialysis tube, this was filtered via vacuum and was
found to be dicyclohexylurea (DCHu) and N-hydroxysuccinimide (NHS) leftover from the reaction, as
confirmed by ™H NMR spectroscopy, and therefore the solid was discarded as waste. The liquid (which
contained the polymer folate conjugates) was then freeze dried and analyzed via 'H NMR, with the
ethylene conjugated complex forming a yellow powder, similar to that of the initial polymer, whereas
through the controlled reaction the product was a much darker orange resembling the color of pure folic
acid. Quantification of folate content via 'H NMR (fig. 2) was found to be cumbersome (full integration
data can be found in the corresponding “data in brief’ article[52].) and in the case of HBP4060etnyt NO
peaks were observed for folate, therefore, due to the UV active properties of folic acid through the
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aromatic motifs found within the structure, both polymer conjugates were subject to UV quantification
methods.
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Figure 2: 500MHz 'H NMR HBP4060peqt (DMF-d7) post dialysis indicating conjugation of folic acid
through the presence of aromatic peaks between 7-9ppm, with DMF peaks at 2.7, 3 and 8 ppm. Full
polymer peak assignments can be found in figure 1.

Sweeping through 270nm - 500nm of unconjugated polymer and folate conjugated polymer,
alongside folic acid, it was clear to see whether there was any folic acid conjugated onto the polymer
(This data can be found in the corresponding “Data in Brief” article[52]). However, due to RAFT agent
groups found on the terminus of the polymers interference with characteristic folic acid peaks around
280nm-320nm were present and therefore, quantification was performed utilizing absorbance at
362nm, which is indicative of folic acid, without interference from any polymeric species. RAFT agent
alongside unlabeled polymer were ran as controls to identify peaks in which interference could occur,
whilst it is possible to remove RAFT agent end groups to remove this interference there is also
interference from the polymer backbone itself around 280nm. To further confirm the successful
conjugation, the Ninhydrin test was employed to detect free primary amine groups in the samples
according to the procedures described in the supporting information. The primary amine glycine was
used as a control. It was found that HBP4060, HBP4060ethy and HBP4060pegt all displayed a yellow
color upon completion of the test, signifying that there are secondary amine present (both from
DMAEMA and folic acid) and did not display the purple color associated with primary amines, such as
in glycine, and thus conjugation was deemed to have been successful and complete.

Table 4: Quantification of Folic acid concentration for hyperbranched polymers HBP4060ety: and

HBP4060pegt
Sample Folic acid molar eq. A.U 362nm KMol/mg (folate/polymer)
to polymer (in conjugated polymers)
(in starting materials)
HBP4060etnyt 1.3 0.0062 0.17
HBP4060pegt 0.1 0.0500 1.12

3. 4 Rhodamine conjugation and cellular uptake

Rhodamine B is a well-established fluorescent dye and when excited will fluoresce a bright red color,
leading it a prime candidate for the visualization of Rhodamine B labelled polymers within cell structures
through confocal microscopy. As previously mentioned, controlled conjugation of folic acid was
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performed via protection of diamine linker, amide bond formation with COOH, subsequent deprotection
and polymeric conjugation, again via amide bond formation. Conjugation of rhodamine B to the
polymers followed this controlled conjugation procedure using ethylene diamine linker. Quantification
of rhodamine dye on the polymers was achieved via UV-Vis spectroscopy measuring at rhodamine
lambda max 554 nm (table 5).

Table 5: Quantification of Rhodamine contents on polymers via UV-Vis absorption spectrometry

Sample A.U 554nm nMol/mg (Rhodamine/polymer)
HBP4060r 0.3582 648.0
HBP4060pegtr 0.0496 89.6

Rhodamine labelled polymers, HBP4060pegir and HBP4060r, were dosed at cells within 100 pg-
10 pg/ml levels in order to assess their uptake into HelLa cells, within an hour. The HelLa cell line was
chosen for these uptake studies because it is a well-established immortal cell line, derived from the
cervical tumor of Henrietta Lacks. In addition, these cells overexpress the folate receptor, a common
trait amongst tumorous tissues [57]. Concentrations for polymer dosage were chosen as to deduce the
range in which the polymer displays a reduction in toxicity. Gemcitabine is usually administered via
saline drip in a concentration of 1000 mg/m?3[64]. Therefore, the upwards of 10 ug/ml of HBP was used
for uptake evaluation. Polymers were sterilized using 0.2 um membrane filters. Due to the UV-light
sensitive nature of folic acid[65,66], we were unable to sterilize using UV radiation, whilst excess heat,
such as an autoclave, could breakdown the polymer structure. Membrane filtration was therefore used
as the most appropriate form of sterilization for the polymers to eradicate microorganisms etc. from the
chemical sample whilst keeping their chemical and physical integrity intact. Unfortunately, only dosage
levels at 100 pg/ml could provide sufficient fluorescence for meaningful data to be extracted. Cells were
fixed with 4% PFA and nuclear structures were stained via DAPI. Confocal microscopy provided an
analysis of polymer uptake and it is clear from the imagery produced, that free rhodamine at high dosage
level (210 nM/ml) does not have a clear route of entry into the cellular structure. Leading to weaker than
expected signals when excited. On the contrary, both polymers unlabeled with folate and PEG linked
with folate, display fluorescent signals, with “hotspots”, at a concentration of 100 ug/ml. These hotspots
could be indicative of endocytosis mechanisms but it is theorized that perhaps these are aggregated
polymer molecules and therefore, a clear endocytosis mechanism cannot be confirmed at this stage
(figure 3). Furthermore, localization of signal intensity suggests that once internalized into the cell there
is an accumulation of polymer structure within the endoplasmic reticulum. With linkage of rhodamine
and linker, the behavior of the polymer and the size of said polymer could also change, providing a
barrier to entry due to rhodamine interactions with the cell membrane.

These results, although not quantitative, demonstrate that there is cellular internalization of
polymeric species. Interestingly, it is shown that polymer free from folate is also being up taken into the
cell. There was however, great difficulty obtaining images where cells had up taken HBP4060pegir. This
could be attributed to the linker used (PEGs diamine) leading to an increase in particle size, even before
the addition of the rhodamine tag. (Table 6). Whilst the increase in size confirms conjugation of folate,
it is known the upper limit for endocytosis is around <200nm for particles to be internalized. Images
from Confocal microscopy displayed that the cells allow the uptake of both HBP4060r and
HBP4060pegr. However, the size of HBP4060pegir Nanoparticles needs to reduce, as any benefits of
folate targeted drug delivery are lost due to the large size of these particles. However, the pH responsive
nature of the structure in acidic media display an increasing particle size as the pH drops. Although,
there is no longer the initial decrease in particle size as displayed in HBP4060. This could be due to the
effects of folic acid targeting ligand conjugation, due to a reduced amount of free PAA functional groups
as these were consumed during bio conjugation. Therefore, in an effort to reduce size and maintain the
initial particle size decrease as a function of pH, smaller linker such as a PEG4 and a much lowered
ratio of polymer to folic acid should be used. Despite the folated variant of HBP4060 showing a
decreased uptake in the cells observed, it is promising to see that uptake is facilitated for both sets of
polymer HBP4060r and HBP4060pegr.
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Table 6: HBP4060pegt particle sizing via DLS

pH Particle size ZAve(nm)
7.4 882
6.8 1195
5.4 1160

The size measurements of all samples showed a negligible error of +<0.005 nm.
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Figure 3: Confocal images at 63x magnification for Rhodamine, DAPI and overlay. A. PBS; B. Water;
C. Rhodamine 210nM/ml; D. HBP4060pegfr; E. HBP4060r. Where red staining indicates rhodamine and
blue staining indicates DAPI nucleus staining.

4. Conclusions

We have successfully synthesized novel pH responsive hyperbranched polymers (HBPs) via
Reversible Addition Fragmentation chain Transfer polymerization (RAFT). Feed ratios of co-monomers
2-propyl acrylic acid (PAA), 2-(dimethylamino) ethylmethacrylate (DMAEMA) and disulfanediylbis
(ethane-2, 1-diyl) diacrylate (DSDA) were investigated to assess monomer reactivity and copolymer
composition. Due to both PAA and DMAEMA functionality displayed on this HBP structure, there is the
ability for both covalent linkage of functional moieties using carboxylic acid groups on PAA, whilst also
ionic linkage with negatively charged species using tertiary amine on DMAEMA. This HBP polymer has
been successfully conjugated with folic acid through either random linkage via ethylene diamine or
controlled linkage through a folate-PEGs-amine. Characterization has been performed via 'H NMR,
SEC and UV-Vis. Dynamic Light Scattering (DLS) analysis was performed on both unlabeled HBP and
folate conjugated HBP to analyze the pH responsive nature of the polymer at pH 7.4, 6.8 and 5.4. Size
analysis confirmed that folate labelled HBP displayed radius at all pHs is greater 800 nm which leads
this structure in the current form unsuitable for drug delivery, via folate mediated endocytosis, in which
maximum particle size allowed is around 200 nm. The study on cellular uptake of folated HBP polymer
using the HelLa cell line has been performed utilizing confocal microscopy as a visualization technique
alongside a rhodamine label which demonstrated uptake had taken place. Despite providing
confirmation of both species being up taken, the difficulty in locating cells that had internalized folate
labelled HBP confirmed the hypothesis that this HBP was too large for this purpose. Future work will
consist of optimization of the polymer structures (composition, molecular weight and size) to increase
uptake efficiency whilst also, comparative studies on viability between drug loaded and non-drug loaded
forms of the polymer respectively, in order to assess the suitability of this structure as a candidate for
target drug delivery carriers towards tumorous sites. Study on the cytotoxicity of these HBPs towards
cell lines is also undergoing currently.

Supplementary Materials: The supplementary materials for this manuscript have been converted
into the following “Data in Brief” article[52].
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