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Abstract: Biobetter or Biosuperior are recombinant protein drugs with one or more characteristics that
are better than the original formulation. Platelet-Derived Growth Factor (PDGF) is a potent mitogen
that can induce pulp stem cell proliferation and promote angiogenesis in vitro. PDGF-BB is required
for wound healing, and they are chemoattractants that can activate macrophages and fibroblast
activation in vitro. Poly(n-isopropylacrylamide) (PNIPAM) polymer is a thermoresponsive polymer
widely used for drug delivery. A lyophilized combination of PNIPAM and 5ug of Recombinant Human
PDGF-BB(rhPDGF-BB)(sigma Aldrich-P3201) protein was prepared in the present study. This
combination was subjected to Spectroscopic Fourier-Transform Infrared(FTIR) study. The results
suggested that a biophysical approach like FTIR enables assessing protein stability and aggregation
tendency of recombinant proteins, contributing as a useful method to identify samples with prospective
high therapeutic values.

Keywords: Platelet-Derived Growth Factor; thermoresponsive polymer; Fourier-Transform Infrared
Spectroscopy.
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1. Introduction

The dental pulp tissue has the capacity to undergo repair and also regenerate. This
occurs due to any local irritants that cause inflammation and stimulate Human Dental Pulp
Stem Cells (HDPSC) to drift to the site of injury, where they consequently undergo
differentiation into odontoblasts due to the presence of growth factors [1]. Direct pulp capping
is a therapy aiming to preserve the tooth's vitality by assisting pulp repair and induces dentin
formation. This concept is centered on the perception that dental pulp inherently has potential
for tissue repair, resulting in reparative dentin formation. Direct pulp capping is indicated to
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avoid or delay the need for a root canal treatment, mainly with young or immature teeth. Certain
materials have been used as pulp capping for almost two decades. One such material is Mineral
Trioxide Aggregate (MTA) which is considered the gold standard for direct pulp capping
procedures[2]. MTA has disadvantages like long setting time, difficulty to manipulate, and can
not exclusively induce dentinogenesis. Hence new biomaterials are required for pulp
capping|[3].

Growth Factors(GF)can direct the fate of cells and play a crucial role in tissue
engineering. Research is being made to explore growth factor delivery strategies[4]. GF are
vital components essential for tissue engineering since they serve as signaling molecules
between the cells. Research is ongoing to develop dental biomaterials and scaffolds augmented
with single or combined active bio-molecules to induce dentin and pulp regeneration[5].

The introduction of recombinant Growth Factor (rhGF) as a routine therapeutic agent
in medical practice is limited. The American Food and Drug Administration (FDA) has allowed
recombinant Platelet-derived Growth Factor(rhPDGF) clinical use. To the best of our
knowledge, it is the first recombinant growth factor to be allowed [6].

The short half-life of PDGF administration is a disadvantage. Even though clinical
studies on the development of neoplasms following the application of rhGF are scarce,
increased concentrations of exogenous GF applied in tissues pose a risk of undesirable side
effects. Because of the short half-life of PDGF, biomaterials capable of forming a depot have
been created[7].

PDGF was initially identified in platelets, and the PDGF family includes 5 polypeptides
or isoforms: PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD. Amongst these
isoforms, PDGF-BB is a unique ligand that can interact with all 3 PDGF receptors: PDGF-AA,
PDGF-AB, and PDGF-BB. PDGF-BB is a compelling mitogenic factor and has been
acknowledged as the chief mediator in wound healing and tissue repair. In addition to this,
PDGF-BB also indirectly promotes angiogenesis by promoting Vascular Endothelial Growth
Factor (VEGF) secretion. It also has an important role in the stabilization of newly formed
blood vessels. PDGF-BB can facilitate osteogenic differentiation by acting on Bone Marrow
Stem Cells (BMSCs) in a dose-dependent mode and hence, has been extensively used in
medicine for bone regeneration. PDGF-BB is also a dominant chemo-attractive agent for
Mesenchymal Stem Cells (MSCs). Although studies have reported that PDGF-BB can promote
tissue regeneration via the recruitment of stem cells, the exact mechanism and actions of
PDGF-BB that contribute to HDPSCs mediated dentin-pulp complex regeneration remains
unclear[8].

The use of rhPDGF-BB is being considered a treatment for numerous musculoskeletal
indications due to its biological properties. In bone homeostasis, repair, and regeneration,
rhPDGF-BB is an important regulatory molecule. It upregulates essential cytokines for osseous
and soft-tissue healing and regeneration, and it is chemotactic and mitogenic for osteoblasts
and undifferentiated osteoprogenitor cells. The rhPDGF-BB tends to be safe and efficient in
improving the repair of musculoskeletal and maxillofacial disorders, based on convincing data
from preclinical studies and an increasing number of clinical investigations. The FDA has
approved GEM 21S (Johnson and Johnson Wound Management-Ethicon, Somerville, New
Jersey) and Regranex (Johnson and Johnson Wound Management-Ethicon, Somerville, New
Jersey), an rhPDGF-BB-containing formulation for repeat topical application to treat
nonhealing lower extremity diabetic ulcers. Furthermore, the biology of PDGF suggests that it
may have significant musculoskeletal clinical benefits for patients with impaired wound
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healing, such as those with diabetes mellitus, which will benefit significantly from the
induction and proliferation of osteoprogenitor and other forms of reparative cells [9].

The term Biobetter or Biosuperior refers to a recombinant protein drug that belongs to
the same class but is not identical to an existing biopharmaceutical and has improved properties
over the original[10]. A Biobetter compound was synthesized in this study by incorporating a
smart polymer, PNIPAM, into human rhPDGF-BB. PNIPAM is a thermoresponsive polymer
that can be synthesized from monomers through free radical polymerization, and it is easily
functionalized, making it available in wide fields. PNIPAM shows invertible changes in
hydrated and dehydrated forms under temperature variations and exhibits Lower Critical
Solution Temperature (LCST) at around 31°C in aqueous solutions, close to the physiological
threshold. The versatility of PNIPAM has enabled its use in cell culture, tissue engineering,
enzymatic immobilization, drug delivery, wound dressing, biosensors [11].

The main aim of vital pulp therapy is to maintain the remaining pulp's vitality and
initiate the pulp regeneration at the pulp-dentin complex. An ideal biomaterial for vital pulp
therapy should provide an excellent seal against bacteria; it should not generate an acute
inflammatory response. It should assist in the induction of osteoblastic differentiation and
proliferation for pulp regeneration. Therefore, biocompatibility and cytotoxicity must be fully
evaluated before using a novel material as a pulp-capping agent[12].

Hence, the study aimed to synthesize a Biobetter using rhPDGF-BB and PNIPAM and
subject it to FTIR analysis.

2. Materials and Methods

The rhPDGF-BB was procured from Sigma Aldrich(P3201 - Platelet-Derived Growth
Factor-BB human).5ug was transferred into an Eppendorf tube using a 2ml syringe.PNIPAM
was procured from Thermo Fisher (AC412780250 SDS). About 60 mg of PNIPAM was added
in a divided concentration of 20 mg into the Eppendorf containing PDGF-BB. After the
polymer addition, the combination was subjected to vigorous mixing using a Magnetic stirrer
until a clear homogenous mix was obtained for each divided concentration of the polymer. The
final obtained mixture was about 0.5 ml in a liquid form, clear in color. The mixture was
subjected to lyophilization. The final Biobetter obtained was about 30 mg maintained at -20°C
until further analysis.

2.1. FTIR analysis.

The Biobetter and PNIPAM were subjected to FTIR analysis for determining the
Infrared Spectroscopy of the sample using FTIR - 8400S(Shimadzu Scientific Instruments Inc.)
instrument. The 1/100 part of the sample was mixed with potassium bromide (KBr) in a mortar
and pestle and made into the refined homogenous mix. It was later transferred into a pellet and
placed in the analyzing compartment. The samples were subjected to an infrared spectrum of
7800 cm-1 to 350 cm-1. A32-bit high-performance (IR solution) FTIR software was used to
assess the result. The peaks obtained were smoothened in the software.

3. Results and Discussion
3.1. Results of PNIPAM-rhPDGF-BB.

The FTIR spectra of Biobetter ranged from 2852 cm™ -3346 cm ‘shown in Figure
1.The peaks obtained in the analysis are shown in Table 1.The various peaks obtained are
https://nanobioletters.com/ 3929
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418.52cmt,1245.93cm ™, 1282.57 cm ™, 1442.66 cm %, 1558.38 cm %, 1610.45 cm %, 1745.46
cm 1, 285252 cmt, 2921.96 cm ™! and 3346.27 cm L. The peak 2921.96 cm™* showed the
maximum corrected peak height of 2.808 with a corrected area coverage of 0.506 depicting the
presence of C-H alkane(stretch) followed by 1558.38 cm™ showing the second maximum
corrected peak height of 3.863 covering a corrected area of 0.344 corresponded to N-H primary
and secondary amines and amides (stretch). The peak 2852.52 cm™* with a corrected peak
height of 1.624 with an area coverage of 0.163 also depicted the presence of C-H alkane
(stretch). 1610.45 cm™* with a corrected peak height of 1.238 and corrected area coverage of
0.161 confirmed the presence of C=C alkene. The peaks 1282.57 cmtand 1245.93 cm™* with
a corrected peak height of 0.701 and 0.164 and corrected area coverage of 0.336 and 0.194
correspond to S=0 sulfones, Sulfonyl Chloride, Sulfonamides, and Sulfates. The peak 3346.27
cm L with a corrected peak height of 0.124 and corrected area coverage of 0.01 depicts the
presence of H-O carboxylic acid.

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
PDGF-88 e

Figure 1. FTIR spectra of Biobetter ranging from 2852 cm™ - 3346 cm ™™,
Table 1. Values of the peak obtained using FTIR analysis.

Peak Height Corr.Height | Base(H) Base(L) Area Corr.Area

1 41852 9.044 8.949 433.95 403.09 0.841 0.831
2 1245.93 1.327 0.164 1259.43 1222.79 0.194 0.013
3 1282.57 1.779 0.701 1319.22 1261.36 0.336 0.077
4 1442.66 1.384 0.971 1479.3 1419.51 0.233 0.126
5 1558.38 3.351 3.863 1573.81 1542.95 0.276 0.344
6 1610.45 1371 1.238 1637.45 1581.52 0.194 0.161
7 1745.46 2.333 1.878 1770.53 1722.31 0.285 0.19

8 2852.52 2.731 1.624 2877.6 2794.66 0.518 0.163
9 2921.96 4.056 2.808 2981.74 2879.52 1.06 0.506
10 3346.27 1.334 0.124 3371.34 3334.69 0.202 0.01

3.2. Result of PNIPAM.

The FTIR spectra of PNIPAM ranged from 808.12cm™-3296.12cm*showed in figure
2. The longest peak obtained was 1533.30 cm™ corresponding toN=0 nitro compound, and the
peaks 1367.44 cm™,1413.72 cm™, and 1452.30 cm™ also corresponded the same. The second-

longest peak was 2970.17 cm™* depicting the presence of O-H carboxylic acid. The other peaks
https://nanobioletters.com/ 3930
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were 808.12 cm™,846.69 cm™,918.05 cm™?,964.34 cm™* and 989.41 cm indicating the presence
of C-H alkenes.The peaks at 1064.63 cm™,1128.28 cm™, and 1170.71 cm™ represented C-O
alcohols,esters,carboxylic acids, anhydrates, etc.The peaks at 1245.93 cm™, 1325.01 cm™ and
1306.72 cm™* confirmed the C-N amine compound in the PNIPAM. The peak at 2875.67 cm™,
3072.39 cm™, and 2935.46 cm*showed the presence of C-H aldehyde, C-H alkene, and C-H
alkane respectively. The peaks 1604.66 cm™,3284.55 cm™ and 3296.12 cm™ indicate N-H
primary and secondary amines and amides.
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Figure 2. FTIR spectra of PNIPAM ranging from 808.12 cm™-3296.12 cm™ .

Therapeutic protein drugs are a form of medication that supports patients in great need
of new therapies. Cancers, autoimmunity/inflammation, infectious agent exposure, and genetic
defects are among the clinical conditions for which recombinant protein therapeutics have
recently been approved[13].In this study, we have attempted to formulate a recombinant
protein, a Biobetter, to be used to treat direct pulp therapy.

Pulp-dentin tissue regeneration can be facilitated by applying PDGF-BB by its
influence on dental pulp stem cells. The PDGF-BB can induce odontoblastic differentiation via
gene upregulation. It may be due to 1)inducing dentinogenesis by dentin sialophoshoprotein,
2) regulating the gene transcription of dentin matrix protein-1 during early odontoblast
differentiation, and 3) dentin mineralization with calcium phosphate and early differentiation
by alkaline phosphatase[14].

PNIPAM is a popular thermosensitive polymer that has attracted a lot of research
interest[15]. PNIPAM is one of the most meticulously researched synthetic polymers for
applications such as controlled drug delivery, cell-sheet engineering, biosensors, and tissue
engineering[16].It has a wide range of biomedical applications due to its unique properties, and
we incorporated PNIPAM in our Biobetter.

The FTIR spectra of PNIPAM showed expected bands at 3500-3200 cm™, 1600 and
1500 cm*, and 2800 and 1400 cm™ related to N-H, C=0, and C—H bonding, respectively found
in other studies, which were similar to results obtained in our study[17].

The FTIR analysis of Biodentine, a well-known pulp regenerative material, showed
bands at 3567.7 cm tand 3426 cm ! correspondings to groups-H. Also, it showed the presence
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of methylene group at 2925 cm™?, carboxylic acid C=0 at 1739 cm™?, and aromatic ring or a
secondary amine at 1620 cm*[18]. These results matched with the FTIR spectra of Biobetter.

Wound healing via regulation of anti-inflammatory and cytokine secretion using
polydopamine-assisted PDGF-BB immobilization on poly[(rac-lactide)-co-glycolide] (PLGA)
fibrous substrate when subjected to FTIR vyielded similar peaks at 1596cm™ depicting the
presence of characteristic amide | and amide Il of PDGF-BB[19]. Analysis of Biobetter also
showed similar peaks.

FT-IR spectrum of the PNIPAM microgel showed different peaks at different locations
for different functional groups. C-H asymmetric stretching (2970 cm™), C-H symmetric
stretching (2874 cm™), C=0 amide group (1634 cm™), N-H bending (1540 cm™), C-N
stretching (1366 cm™), —CH>- and —CHj3 bending vibrations are all notable peaks (1460 and
1386 cm* respectively)[20]. These peaks are similar to the PNIPAM, FTIR spectra obtained
in our study.

Also, to our knowledge, this is the first study applying FTIR to PDGF-BB in
combination with PNIPAM. The result demonstrated that the presence of alkene, alkane,
sulfonyl chloride, sulfanes, sulfonamide, and carboxylic acids, which implies the chemical
structure of PDGF-BB is still present in Biobetter, concluding that the lyophilized powder
retained its regenerative properties.

4. Conclusions

Our study concluded that the combination of PNIPAM and PDGF-BB was significantly
positive in retaining its chemical properties. Hence, it can be emphasized that the combination
can efficiently be used as a direct pulp capping agent, the disadvantages of existing pulp
capping agents. A more conclusive result would require further characterization of the
Biobetter combination.
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