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Abstract
Protein-polymer conjugates are a promising class of biohybrids. In this work, the dynamics of a set of biodegradable conju-
gates myoglobin-poly(ethyl ethylene phosphate) (My-PEEP) with variations in the number of attached polymers and their 
molar mass in the dry-state, have been investigated to understand the role of polymer on protein dynamics. We performed 
Differential Scanning Calorimetry measurements between 190 and 300 K, observing the large-scale dynamics arising from 
reorganization of conformational states, i.e. within the 100 s timescale. The application of an annealing time during the 
cooling scans was used to investigate the non-equilibrium glassy-state of the samples, observing the relaxation enthalpy at 
different annealing temperatures. This procedure permitted to extensively describe the transition broadness and the system 
relaxation kinetics in the glassy state. The samples show an experimental behaviour different from the theoretical predic-
tions, suggesting the establishment of interactions among the protein and the polymer chains. The different behaviour of the 
conjugates and the physical mixture (composed of the protein and the polymer physically mixed) highlighted the importance 
of the covalent bond in defining the system dynamics.
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Introduction

The covalent attachment of synthetic polymers to protein-
based drugs, forming the so-called protein-polymer conju-
gates, is one of the most promising strategies employed to 

 * C. Pelosi 
 chiara.pelosi@dcci.unipi.it

Extended author information available on the last page of the article

https://orcid.org/0000-0001-5824-4372
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-022-11437-x&domain=pdf


12632 C. Pelosi et al.

1 3

enhance the lifetime of protein-based drugs in the human 
body [1–3]. Poly(ethylene glycol) (PEG) is the most com-
mon water-soluble polymer used in the bioconjugation field, 
and it is covalently linked to proteins in 15 pharmaceutical 
formulations currently available on the market [4]. Despite 
their great success, in the last years, these drugs raised some 
concerns for their alleged long-term non-biodegradability 
[5, 6] and the formation of anti-PEG antibodies [7, 8], 
pushing the research of alternatives [5, 9–12]. In this frame, 
the synthesis of conjugates using different polymers and 
bioconjugation techniques were reported in the literature, 
focusing the attention on the sample preparation and their 
biochemical evaluation (either in vitro or in vivo) [4]. Nev-
ertheless, at a fundamental level, it is crucial to understand 
their biophysical properties (i.e. structure, dynamics, etc.) 
to increase the knowledge at the basis to design new and 
improved protein-based drugs.

We used Differential Scanning Calorimetry (DSC) to 
study the unfreeze of molecular motions in a systematic 
set of protein-polymer conjugates in the dry form made by 
myoglobin and the hydrophilic and biodegradable polymer 
poly(ethyl ethylene phosphate) (PEEP). PEEP has been 
recently studied as a potential biodegradable alternative 
to PEG, belonging to the class of water-soluble polyphos-
phoesters (PPEs) [12]. Myoglobin is a small (17 kDa) and 
globular protein. It is often used as a model for haemoglo-
bin because it has the same cofactor and similar tridimen-
sional structure than the haemoglobin sub-units [13]. The 
evaluation of the thermal transition and structural relaxa-
tion of protein-based materials was extensively reported in 
the literature [14, 15]. Besides, the myoglobin dynamics 
at temperatures below 300 K, in the dry or hydrated form, 
was described in various papers [16–18]. In particular, the 
sudden increase of the atomic fluctuations at temperatures 
ranging between 180 and 220 K (called “protein dynamical 
transition”, PDT) [19] was observed, in analogy with the 
general behaviour of all proteins. The transition was defined 
glass-like, as the protein goes from a rigid, glassy, native 
state, frozen into a distribution of conformational states, to a 
more dynamical flexible state [20]. Among the other works, 
Johari and co-workers studied by DSC the kinetic unfreezing 
of molecular motion in hydrated myoglobin [21], observing 
a broad transition extended from ca 150 K to the denatura-
tion temperature, due to the presence of many segments or 
local structures with a different relaxation behaviour. They 
also observed the protein kinetic in the glassy state apply-
ing an annealing time during the cooling scan. On the other 
hand, no works on the conjugates’ thermal analysis in the 
solid-state have been reported to date.

We expanded the previous studies by looking at the large-
scale myoglobin relaxation dynamics when it is covalently 
attached to a polymer, so in a myoglobin-PEEP set of con-
jugates. Differential Scanning Calorimetry was employed 

as a pivotal technique to obtain information on the large-
scale molecular motion unfreezing induced by temperature 
between 200 and 300 K. We used a set of conjugates formed 
by myoglobin attached to the polymer PEEP with two differ-
ent molar masses (6.4 and 12 kDa), with 3, 5 or 7 polymer 
chains attached to the protein. The effect of the covalent 
bond was also questioned by the parallel evaluation of the 
sample obtained by physically mixing the protein and the 
polymer (physical mixture), without any chemical link-
age. Besides, the application of an annealing time during 
the cooling scan was performed for the first time on this 
kind of system, revealing similarities among myoglobin-
PEEP conjugates and hydrated myoglobin, both possessing 
a broad-relaxation time range. Overall, the experimental data 
permitted a biophysical interpretation of the system in the 
dry state, at the basis of any future conjugates’ application, 
e.g., for a critical evaluation of the drug storage.

Materials and methods

Synthesis and characterization of the conjugates

The conjugates Myoglobin-poly(ethyl ethylene phosphate) 
(My-PEEP) were synthesised and characterized as previ-
ously described [22]. Briefly, the polymer PEEP of 6.4 kDa 
or 12 kDa were prepared by anionic ring opening polymeri-
zation using the monomer 2-ethoxy-2-oxo-1,3,2-dioxaphos-
pholane, the initiator 2-(benzyloxy)ethanol, the cocatalyst 
N-cyclohexyl-N-(3,5-bis(trifluoromethyl)phenyl)thiourea, 
the catalyst 1,8-diazobicyclo[5.4.0]undec-7-ene and the 
quencher N,N-disuccinimidyl carbonate. Then the protein 
myoglobin of equine skeletal muscle (Sigma Aldrich) was 
covalently attached to the polymers, using different molar 
ratios protein/polymer. The reaction was conducted in borate 
buffer (50 mM, pH = 8.8) for 4 h at room temperature, the 
product was dialyzed in water (MWCO = 50,000 kDa), lyo-
philized, and analyzed by online triple detection size exclu-
sion chromatography. When necessary, additional purifica-
tion was conducted by gel permeation chromatography over 
Sephadex G-50, with water as the eluent. Only the fractions 
with a purity ≥ 95% were used in the present study. The set 
of conjugates used for the analysis reported in this paper are 
the following: My, i.e. unmodified myoglobin; PEEP (6.4) 
and PEEP (12), i.e. the polymers PEEP with molar masses 
respectively of 6.4 kDa or 12 kDa; Conj 3p (6.4), Conj 5p 
(6.4), Conj 7p (6.4), i.e. the conjugates synthesized using 
myoglobin and respectively 3, 5, or 7 PEEP (6.4); Conj 3p 
(12 kDa) that is the conjugates synthesized with myoglobin 
and 3 PEEP (12); Mix My-3p (6.4) that is the physical mix-
ture of myoglobin with 3 equivalents of PEEP (6.4). The 
composition of the samples is reported in the Supporting 
Information, Table S1.
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The physical mixture Mix-My 3p (6.4) has been prepared 
by dissolving the protein and the polymer in a molar ratio of 
3/1 in water. When both the components were completely 
dissolved, the solution was lyophilised and stored in the 
freezer at − 20 °C.

Sample preparation for calorimetric measurements

My, all the conjugates and Mix-My 3p (6.4) were weighed 
(between 10 and 20 mg) in an aluminium pan, closed manu-
ally with a plat lid and perforated with a needle. PEEP (6.4) 
and PEEP (12) were weighed into a sealed aluminium pan, 
subsequently perforated with a needle. All the samples were 
stored in a desiccator with  P2O4 until a constant mass meas-
urement was achieved. The maximum dryness was reached 
after ten days.

Differential scanning calorimetry

Differential Scanning Calorimetry was performed with a 
Perkin Elmer DSC 8500 calorimeter. We performed a cool-
ing-heating scan at 10 K  min−1 between 190 and 300 K, fol-
lowed by an additional cooling-heating scan at 20 K  min−1 
in the same temperature range. Between each ramp, the 
temperature was kept constant for one minute to evaluate 
the presence of the hysteresis and the long-term drift of the 
instrument. The measurements were performed using a ref-
erence pan; the baseline was corrected for the instrumen-
tal asymmetry and the long-term drift. Data were analysed 
using OriginPro8 SR4 (version 8, Origin Lab Corporation). 
The measured heat flow was divided by the scan rate and the 
sample mass (measured directly after the thermal scan) to 
obtain the intrinsic specific heat capacity of the sample (Cp). 
Besides, the curves were multiplied by a correction factor, 
obtained with a polystyrene standard sample. The curves 
obtained with this procedure are reported in the Support-
ing information, Fig. S1. The onset temperature (Tonset) was 
calculated as intersection between the extrapolated baseline 
and tangent passing by the first inflection point. Theoretical 
curves were obtained as a linear combination of the polymer 
and protein heat capacities, weighted for the quantity of each 
component expressed in grams of components divided for 
total grams of sample. More in detail, the protein and the 
polymer heat capacities were multiplied, respectively, for the 
ratio percentages (in mass) of protein and polymer contained 
in the samples (reported in Table S1). The resulting curves 
were summed to obtain the theoretical curves.

We further evaluated the samples’ relaxation kinetics. We 
performed repeated cooling-heating cycles at a constant scan 
rate of 20 K  min−1, keeping the temperature constant for one 
minute between each ramp, to evaluate the hysteresis' pres-
ence and the long-term drift of the instrument. About 20 min 
of annealing time at specific temperatures were introduced 

during the cooling scans and we observed the changes 
induced in the subsequent heating scan. The measurements 
were performed using a reference pan and the baseline was 
corrected for the instrumental asymmetry and the long-term 
drift. Data were analysed using OriginPro8 SR4 (version 
8, Origin Lab Corporation). The measured heat flow was 
divided by the scan rate and the polymer mass (referred 
to the percentage of polymer in the samples reported in 
Table S1), to observe the polymer behaviour within the 
samples. The heating curve obtained after annealing was 
subtracted from the heating curve obtained after annealing, 
to observe the relaxation induced in the glassy state. We 
calculated for each temperature the peak area to obtain the 
enthalpy ( Δ◦

H
relax

. ) of relaxation process.

Results and discussion

We analysed the dynamical transition of a systematic library 
of biodegradable protein-polymer conjugates in the dry form 
(Fig. 1). We performed Differential Scanning Calorimetry 
(DSC) measurements between 190 and 300 K focusing on 
the large-scale dynamics arising from reorganization of con-
formational states, i.e. within 100 s time scale. Calorimetry 
is a technique naturally addressed to detect conformational 
heat-induced changes in biological or synthetic materials 
such as proteins and polymers [23, 24]. The extreme sen-
sibility of this technique permits obtaining information on 
the thermodynamics of the processes and the characteristic 
temperatures with a precision of ± 1 K, difficult to achieve 
with other techniques.

The curves obtained by DSC analysis are reported in 
Fig. 2. The thermal profile of the native protein (Fig. 2a) 
was in accordance with data reported in the literature for 
dry proteins [16], showing only the harmonic vibrational 
motions given by thermal energy, with the lack of any PDT. 
The glass transition was visible in the polymers PEEP (6.4) 
and PEEP (12) as an endothermic heat step in the specific 
heat capacity (Cp), with the onset temperature in accordance 
with similar data reported in the literature [11]. The transi-
tion showed the presence of an overshoot peak, a physical 
phenomenon occurring often during a heating scan, due to 
the temporary loss of thermodynamic equilibrium during 
the transition, compensated with a rapid energetic regain. 
Differently, the conjugates exhibited a transition occurring 
in a broad temperature range. The enlargement of the transi-
tion and the loss of the overshoot peak suggested the onset 
of motions with a wide range of activation temperatures, 
corresponding to different relaxation times. The transition’s 
initial slope (Table 1) increased when increasing the number 
of polymers attached to the protein (Conj 3p (6.4) < Conj 
5p (6.4) < Conj 7p (6.4)) and the polymer length (Conj 3p 
(6.4) < Conj 3p (12)), suggesting a gradual recovery of the 
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Fig. 1  Schematic representation of the library of biodegradable protein-polymer conjugates analysed in this work. Myoglobin image was taken 
from, PBD source, with the PDB ID: 1WLA (myoglobin, horse heart, recombinant wild-type),  taken from the literature [25]
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Fig. 2  curves obtained by a heating scan at 10 K  min−1 for the sam-
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polymer properties in bulk when increasing the number of 
the polymer chains or their length.

We calculated the theoretical curves as a linear combina-
tion of the two components (Figs. 2c and S2), as explained 
more in detail in the Material and Method section. The dif-
ferences observed among the experimental and the theo-
retical curves suggested the establishment of interactions 
between protein and polymer, e.g. among the phosphate 
groups in PEEP and the polar amino acids on the protein 
surface. We hypothesized that the polymer, which forms 
interphase with the protein, gradually gained the degree of 
freedom, contributing to the formation of a broad signal. 
The alleged interactions of the hydrophilic polymer with the 
protein surface, similar to those depicted for similar samples 
in aqueous solution [26, 27], allowed the view of the poly-
mer as a protein protector, e.g. during the protein storage. 
Besides, it is important to mention that also the boost of 
protein motions might contribute to the observed signals, 
especially at high temperatures. This last hypothesis was 
supported by previous studies performed on similar samples 
by neutron scattering experiments [28, 29] (which allowed 
the evaluation of samples dynamics on a faster timescale), 
and by UV–Vis spectroscopy [26]. This last technique, based 
on the observation of the protein Soret band (a strong sig-
nal originated from the protein heme group sensible to the 
chemical surrounding [30]), permitted us to assess that the 
bioconjugation procedure itself did not induce any altera-
tion in the protein structure [22], while the polymer pres-
ence slightly altered the protein tertiary structure, without 
changing its secondary structure [26]. The observed changes 
in tertiary structure reinforced the possibility of increased 
protein mobility within the samples, which contributed to 
the differences observed among the experimental and theo-
retical curves recorded. Further evaluations of the conjugates 
structure were beyond the scope of this work.

The physical mixture of myoglobin and PEEP showed a 
different behaviour, i.e. the transition occurred in a defined 
temperature range, without the loss of the overshoot peak 
(Fig. 1c). Nevertheless, also in this case, the experimental 
curve differed from the theoretical curve calculated as a lin-
ear combination of the two components, exhibiting a smaller 
heat capacity after the transition and a different transition 
slope (see Table 1). This behaviour suggested, also in this 
case, the establishment of interactions between protein and 
polymer.

Table 1 shows the transition onset temperatures (Tonset) 
of the samples studied, and the slope of the line tangent to 
the curve, passing by the first inflection point. We observed 
that the process started for all samples between 227 and 
233 K. The conjugates and the physical mixture presented a 
slight decrease of Tonset with respect to the polymer, with a 
reducing trend with increasing the number of polymer chains 
attached to the protein. The broadness of the transition did 
not permit us to identify with certainty the end of the tran-
sition in the temperature range studied. Therefore, at this 
stage, we were unable to calculate additional parameters to 
define the process (e.g. transition temperature or heat capac-
ity drop). For comparison purposes only, we report in the 
Supporting Information the values of ΔCp calculated in the 
approximation that the transition was ended at 300 K in all 
the samples (see Table S2).

To deeply investigate the thermal behaviour of our sam-
ples, we studied their spontaneous relaxation in the glassy 
state, by introducing an annealing time in the thermal scans, 
thus inducing the process commonly known as “physical 
ageing”. When a sample in the glass form is annealed at 
temperatures below the glass transition (in other terms, when 
a sample is subjected to physical ageing), all the dynamical 
movements with a relaxation time faster than the annealing 
time become kinetically active. The sample undergoes to 
a relaxation process from a non-equilibrium state toward 
a thermodynamic equilibrium, with enthalpy and entropy 
release, following a non-exponential and nonlinear kinetics 
[31]. The energy lost during the annealing time is regained 
during the subsequent heating scan, and it is usually visible 
as an endothermic peak, with a shape that resembles the 
overshoot peak commonly observed in many glasses, start-
ing around 20 K above the ageing temperature. The appli-
cation of this methodology is particularly useful to analyse 
complex systems (e.g. interpenetrating network polymer 
[31] or hydrates proteins [21]), which present a broad transi-
tion induced by a broad relaxation time distribution. Besides, 
physical ageing of proteins at different temperatures, can 
mimic the storage conditions [32], thus it gives important 
information on the stability and conservation performances 
of the material.

We performed repeated heating/cooling scans in all the 
samples, applying 20 min of ageing time during the cooling 

Table 1  Onset temperature  (Tonset) of the transition exhibited by the 
samples

*Onset temperature of the transition, calculated as intersection 
between the extrapolated baseline and tangent passing by the first 
inflection point. Data reported with an error bar of ± 1 K; **Slope of 
the line tangent to the curve passing from the first inflection point. 
Data reported with an error bar of ± 0.001

Sample Tonset / K* Tangent slope**

Conj 3p (6.4) 230 0.009
Conj 5p (6.4) 229 0.011
Conj 7p (6.4) 227 0.026
Mix My-3p (6.4) 229 0.052
PEEP (6.4) 233 0.115
Conj 3p (12) 229 0.017
PEEP (12) 232 0.103
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scans at growing temperatures, looking at the effect on the 
following heating scan. The thermal profile adopted to inves-
tigate the samples is reported in Figure S3. We reported the 
data normalised for the quantity of polymer contained in 
the sample (percentages reported in Table S1), assuming 
the polymer as the component that mostly contribute to the 
transition. The results obtained for My, PEEP (6.4), Conj 
7p (6.4), and Mix My-3p (6.4) are reported in Fig. 3, while 
the results obtained for the other samples are reported in 
S.I. Fig. S4.

We observed that the heat capacities (Cp) of the polymer, 
the conjugates, and the mixture the presence of an additional 
endothermic peak in the heating scan with respect to the 
unaged curve, related to the energy lost by the system in 
the glass-state during the annealing time. On the contrary, 
myoglobin alone did not present any relevant effect with 
the ageing time, confirming the absence of any transition in 
the temperature range observed. The experimental curves 
of myoglobin confirmed the effective removal of superficial 
water from the protein during the sample preparation (see 
Experimental part), as a similar behaviour was previously 
reported in the literature for dry myoglobin with a hydration 
level below 0.1 w/w [21].

The effect of physical ageing was highlighted by subtract-
ing the unaged curve (i.e. the curves obtained without the 
application of any annealing time) from the curves obtained 
after ageing (Fig. 3b, d, f). The area of the peaks obtained 
with this operation reflected the relaxation enthalpy in the 
annealing experimental conditions. The peaks had smaller 
areas at lower ageing temperatures, as the samples were 
more kinetically frozen. The area increased with increasing 
the ageing temperature until it reached a maximum, then it 
decreased again, and finally disappeared. The disappearance 
of the peak means that, at the correspondent ageing tempera-
ture, the sample is no longer in the glassy state anymore, 
but it is in a thermodynamic-equilibrium liquid state, and 
therefore the ageing time do not involve any relaxation. This 
treatment is useful to understand the transition enlargement 
and to correctly compare samples with a broad-relaxation 
time range. Looking at our samples, (on the right side of the 
panel), we observed that the polymer PEEP and the physical 
mixture presented a rapid peak grow, with the disappearance 

of any annealing effect at temperatures above 238 and 253 K 
respectively. The conjugates, instead, presented a broader 
transition, involving a minor amount of energy for a broader 
temperature range.

The relaxation enthalpy ( Δ◦
H

relax
. ), calculated as the area 

of the heat capacity variation at each annealing temperature, 
is reported in Fig. 4.

The Δ◦
H

relax
. data reported in Fig. 4 clearly highlight 

the differences among the samples. The polymer exhibited 
a rapid increase of the relaxation enthalpy, with the maxi-
mum at 228 K, and a rapid decrease, with the sample in the 
liquid state (with a corresponding Δ◦

H
relax

.=0) above 238 K. 
The physical mixture had the same relaxation enthalpy than 
the polymer at 213 K (ca 0.28 J  g−1), but it needed higher 
temperatures to reach the maximum (233 K) and the sample 
liquid state (above 253 K). On the other hand, all the con-
jugates presented a broader transition whit decreasing the 
number of polymers attached to the protein, and the samples 
did not reach the complete liquid state even at room tem-
perature. The effect of the polymer on myoglobin was com-
parable to the one induced on the protein by the presence of 
hydration water, already described the literature by Johari 
and co-workers [21]. The similarity observed corroborated 
the hypothesis of the establishment of interactions protein-
polymer, suggesting a solvent-like effect of the polymer on 
the protein.

Fig. 3  Heating scans performed at 20 K  min−1 obtained after 20 min 
of annealing performed in the previous cooling scan for the samples a 
My; c PEEP (6.4); e Conj. 7p (6.4); g) Mix My-3p (6.4) and the cor-
respondent curve obtained subtracting the unaged curves (curves b, d, 
f, h). The heat capacity  (Cp) was normalised for the amount of poly-
mer present in the samples. The curves obtained for the other samples 
are reported in Fig. S3. The annealing temperature (induced in the 
previous cooling scan) is indicated in brackets
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Conclusions

We described an extensive thermodynamic characteriza-
tion of the large-scale relaxation dynamics of biodegrad-
able protein-polymer conjugates. The conjugates exhibited 
a broad transition from the glassy to the liquid state, which 
implied the presence of a large number of local structures 
in the samples, with different relaxation times. Besides, we 
investigated the conjugates transition by applying subse-
quent annealing times during the cooling scan at different 
temperatures. This procedure, applied for the first time on 
this kind of systems, permitted to fully characterize the sam-
ples glassy-state, defining the broadness of the transition 
and the kinetic of the system in the non-equilibrium glassy 
state. Overall, the most important results obtained include: 
(i) the differences among the theoretical and the experimen-
tal curves, which suggested the establishment of interactions 
protein-polymer in the conjugates; (ii) the broadness of the 
conjugates transition (comparable to the effect induced on 
the protein by the presence of hydration water) which sug-
gests a solvent-like effect of the polymer on the protein; (iii) 
the peculiar behaviour of the physical mixture (with interme-
diate features among the conjugates and the polymer), which 
highlight the importance of the covalent bonds in the induc-
tion of interactions protein-polymer. We intended this study 
as a starting point to reach full knowledge of the conjugates’ 
biophysical properties, useful to orientate future applications 
in the solid state, e.g. to allow a better comprehension of 
the phenomena occurring to the protein during the storage.

Ackowledgements

C.P. acknowledge the Doctoral School in Chemical Science 
(DSCM) for the support.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 022- 11437-x.

Author contribution CP: Conceptualization, Investigation, Data cura-
tion, Methodology, Roles/writing–original draft; ET: Conceptualiza-
tion, Investigation, Data curation, Methodology, Supervision Writ-
ing—review & editing; FRW: Supervision, Writing—review & editing; 
MRT: Conceptualization, Supervision, Writing—review & editing.

Funding Open access funding provided by Università di Pisa within 
the CRUI-CARE Agreement. The project was funded by the University 
of Pisa.

Availability of data and material Raw data will be made available upon 
request.

Declarations 

Conflict of interests The authors declare no conflicts of interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Pfister D, Morbidelli M. Process for protein PEGylation. J Control 
Release. 2014;180:134–49.

 2. Swierczewska M, Lee KC, Lee S, Swierczewska M, Lee KC, 
Lee S. What is the future of PEGylated therapies? Expert Opin 
Emerg Drugs. 2015;20(4):1–6.

 3. Gauthier MA, Klok H-A. Peptide/protein–polymer conjugates: 
synthetic strategies and design concepts. Chem Commun. 2008. 
https:// doi. org/ 10. 1039/ b7196 89j.

 4. Ekladious I, Colson YL, Grinstaff MW. Polymer–drug conjugate 
therapeutics: advances, insights and prospects. Nat Rev Drug 
Discov. 2019;18:273–94.

 5. Hou Y, Lu H. Protein PEPylation: a new paradigm of pro-
tein-polymer conjugation. Bioconjug Chem Am Chem Soc. 
2019;30:1604–16.

 6. Zhang F, Liu M, Wan H. Discussion about several potential 
drawbacks of PEGylated therapeutic proteins. Biol Pharm Bull. 
2014;37:335–9.

 7. Hong L, Wang Z, Wei X, Shi J, Li C. Antibodies against poly-
ethylene glycol in human blood: a literature review. J Pharmacol 
Toxicol Methods. 2020;102:106678.

 8. Thi TTH, Pilkington EH, Nguyen DH, Lee JS, Park KD, Truong 
NP. The importance of poly(ethylene glycol) alternatives for 
overcoming PEG immunogenicity in drug delivery and biocon-
jugation. Polymers (Basel). 2020;12:298.

 9. Viegas TX, Bentley MD, Harris JM, Fang Z, Yoon K, Dizman 
B, et al. Polyoxazoline: chemistry, properties, and applications 
in drug delivery. Bioconjug Chem. 2011;22:976–86.

 10. Knop K, Hoogenboom R, Fischer D, Schubert US. Poly(ethylene 
glycol) in drug delivery: pros and cons as well as potential alter-
natives. Angew Chemie Int Ed. 2010;49:6288–308.

 11. Steinbach T, Becker G, Spiegel A, Figueiredo T, Russo D, Wurm 
FR. Reversible bioconjugation: biodegradable poly(phosphate)-
protein conjugates. Macromol Biosci. 2017;17:1600377.

 12. Pelosi C, Tinè MR, Wurm FR. Main-chain water-soluble 
polyphosphoesters: multi-functional polymers as degradable 
PEG-alternatives for biomedical applications. Eur Polym J. 
2020;141: 110079.

 13. Cox MM, Nelson DL. Lehninger Principles of Biochemistry. 
3rd ed. Company WHF and, editor. New York: Zanichelli; 2005, 
pag.196–211

 14. Bier JM, Verbeek CJR, Lay MC. Thermal transitions and struc-
tural relaxations in protein-based thermoplastics. Macromol 
Mater Eng. 2014;299:524–39.

 15. Verbeek CJR, Van Den Berg LE. Extrusion processing and prop-
erties of protein-based thermoplastics. Macromol Mater Eng. 
2010;295:10–21.

 16. Fomina M, Schirò G, Cupane A, Paciaroni A, Cinelli S, Cor-
nicchi E, et al. Hydration dependence of myoglobin dynamics 

https://doi.org/10.1007/s10973-022-11437-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/b719689j


12639Unfreezing of molecular motions in protein-polymer conjugates: a calorimetric study  

1 3

studied with elastic neutron scattering, differential scanning 
calorimetry and broadband dielectric spectroscopy. Chem Phys 
Lett. 2005;185:25–31.

 17. Jansson H, Swenson J. The protein glass transition as measured 
by dielectric spectroscopy and differential scanning calorimetry. 
Biochim Biophys Acta Proteins Proteom. 2010;1804:20–6.

 18. Doster W, Cusack S, Petry W. Dynamic transition of myo-
globin revealed by inelastic neutron scattering. Lett to Nat. 
1989;337:754–6.

 19. Doster W. The dynamical transition of proteins, concepts and 
misconceptions. Eur Biophys J. 2008;37:591–602.

 20. Ringe D, Petsko GA. The “glass transition” in protein dynamics: 
What it is, why it occurs, and how to exploit it. Biophys Chem. 
2003;105:667–80.

 21. Sartor G, Mayer E, Johari GP. Calorimetric studies of the kinetic 
unfreezing of molecular motions in hydrated lysozyme, hemo-
globin, and myoglobin. Biophys J. 1994;66:249–58.

 22. Pelosi C, Duce C, Russo D, Tiné MR, Wurm FR. PPEylation 
of proteins: synthesis, activity, and stability of myoglobin-
polyphosphoester conjugates. Eur Polym J. 2018;108:357–63.

 23. Privalov PL, Dragan AI. Microcalorimetry of biological macro-
molecules. Biophys Chem. 2007;126:16–24.

 24. Johari GP. On relative merits of the criteria of glass formation 
and effects of ultraviscous liquid properties. J Non Cryst Solids. 
2017;471:439–45.

 25. Maurus R, Overall CM, Bogumil R, Luo Y, Mauk AG, Smith M, 
et al. A myoglobin variant with a polar substitution in a conserved 
hydrophobic cluster in the heme binding pocket. Biochim Biophys 
Acta Protein Struct Mol Enzymol. 1997;1341:1–13.

 26. Pelosi C, Duce C, Wurm FR, Tiné MR, Wurm FR. The effect 
of polymer hydrophilicity and molar mass on the properties of 

the protein in protein-polymer conjugates: the case of PPE-ylated 
myoglobin. Biomacromol. 2021;22:1932–43.

 27. Pelosi C, Saitta F, Wurm FR, Fessas D, Tiné MR, Duce C. Ther-
modynamic stability of myoglobin-poly(ethylene glycol) biocon-
jugates: a calorimetric study. Thermochim Acta. 2019;671:26–31.

 28. Russo D, Pelosi C, Wurm FR, Frick B, Ollivier J, Teixeira 
J. Insight into protein-polymer conjugate relaxation dynam-
ics: the importance of polymer grafting. Macromol Biosci. 
2020;20:1900410.

 29. Gallat FX, Brogan APS, Fichou Y, McGrath N, Moulin M, 
Härtlein M, et  al. A polymer surfactant corona dynamically 
replaces water in solvent-free protein liquids and ensures 
macromolecular flexibility and activity. J Am Chem Soc. 
2012;134:13168–71.

 30. Bailey JA. An undergraduate laboratory experiment in bioinor-
ganic chemistry: ligation states of myoglobin. J Chem Educ. 
2011;88:995–8.

 31. Sartor G, Mayer E, Johari GP. Thermal history and enthalpy relax-
ation of an interpenetrating network polymer with exceptionally 
broad relaxation time distribution. J Polym Sci Part B Polym Phys. 
1994;32:683–9.

 32. Farahnaky A, Badii F, Farhat IA, Mitchell JR, Hill SE. Enthalpy 
relaxation of bovine serum albumin and implications for its stor-
age in the glassy state. Biopolymers. 2005;78:69–77.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

C. Pelosi1  · E. Tombari2 · F. R. Wurm3 · M. R. Tiné1

1 Department of Chemistry and Industrial Chemistry, 
University of Pisa, Via G. Moruzzi 13, 56124 Pisa, Italy

2 Istituto per i processi Chimico-Fisici, CNR, Via Moruzzi 1, 
56124 Pisa, Italy

3 Sustainable Polymer Chemistry (SPC), Department 
of Molecules and Materials, Faculty of Science 

and Technology, MESA+ Institute for Nanotechnology, 
University of Twente, P.O. Box 217, 7500 AE Enschede, 
Netherlands

https://orcid.org/0000-0001-5824-4372

	Unfreezing of molecular motions in protein-polymer conjugates: a calorimetric study
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Synthesis and characterization of the conjugates
	Sample preparation for calorimetric measurements
	Differential scanning calorimetry

	Results and discussion
	Conclusions
	Ackowledgements
	References




