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Abstract 

During freeze-drying of a liquid formulation, a freeze-concentrate is formed in the first phase, the 

freezing step. Understanding the composition of the maximally freeze concentrated solution can help 

to judge the process stability of biopharmaceuticals during lyophilisation. Our objective was to develop 

a suitable method to determine the water content of the maximally freeze concentrated solution using 

differential scanning calorimetry (DSC). Three different methods were compared: (i) the intercept of 

the glass transition temperature of the maximally freeze concentrated solution Tg’ and the melting 

temperature Tm for a concentration series, (ii) the linear regression of the melting enthalpy starting 

from the onset of Tg’ until the end of the melting event for a concentration series, and (iii) a one-point 

determination of the amount of unfrozen water. While Method 1 is accurate but requires the analysis 

of a high number of samples, Method 3 requires only one single sample, with a loss of accuracy. 

Method 2 works best taking sample preparation and accuracy into account. Various systems 



containing sugar (sucrose, trehalose) and other excipients (histidine buffer, phosphate buffer, sodium 

chloride, arginine hydrochloride, arginine citrate) were evaluated with different antibody 

concentrations to evaluate the composition of the maximally freeze concentrated solution. The freeze 

concentrates exhibited a water content of 20 - 30%, slightly dependent on the excipients, but 

independent of the antibody concentration. The methodology we developed is broadly applicable for 

the analysis of the composition of maximally freeze concentrated solutions and can help to elucidate 

protein stability during lyophilisation. 

1. Introduction 

Cooling of aqueous solutions below the freezing temperature leads to formation of ice. The 

crystallisation of ice corresponds to a removal of water from the system and an up-concentration of 

all solutes remaining in the unfrozen phase. This process is known as freeze concentration. During 

freeze drying of biological material or biopharmaceuticals, freeze concentration affects the behaviour 

of the proteins through solute concentration, potential crystallisation of buffer components 

accompanied by a pH shift, phase separation, increased viscosity, increased ionic strength, or 

interfacial stress [1-7]. An increased viscosity during freezing can lead for example to phase separation 

with a protein-rich phase, potentially lacking stabilising excipients [2, 4, 8]. On the other hand, reaction 

rates can be reduced with increased viscosity [9, 10]. A pH shift through buffer component 

crystallisation and increased ionic strength can change the protein-protein interactions [11, 12]. 

Additionally, freeze concentration is accompanied with both thermodynamic and kinetic changes 

causing either stabilisation or destabilisation of a protein. It also need to be kept in mind that since 

freeze concentration continues until ice formation is complete and that therefore protein perturbation 

occurs over a longer time frame [13].  

The freeze concentrated solution is defined by the mass fraction of solids wg’ and the mass fraction of 

unfrozen water wuf [14]. Wuf and wg’ can be determined by techniques such as cryoscopy and 

differential scanning calorimetry (DSC). Another approach is to follow the phase change state via the 

product temperature during ice nucleation within the freeze drying itself [14-20].  



Different methods are described in literature to calculate wg’ using DSC. One approach is to measure 

a single sample. The amount of frozen water in the sample can be calculated from the ice melting 

endotherm by taking reference to the ice melting endotherm of pure water. Finally, wg’ can be 

obtained based on the total solid content of the solution via the amount of unfrozen water  [21, 22]. 

Typically, the melting enthalpy of pure water is compared with the melting enthalpy of a 20% w/w 

solution. For sucrose, trehalose, and glycerol wg’ can be 64%, 83%, and 54%, respectively [21]. A wg’ of 

68% for glycerol results if using a stepwise evaluation of the apparent melting heat and calculating the 

ice fraction. Thereby, the sample temperature is alternated in a series of heating and isothermal steps 

[23]. Different wg’ values for different solid contents are observed for this type of one point 

determination [24]. Since ice vitrification might not be completed after a simple freezing step, 

annealing should be applied. By this a higher sucrose wg’ of 81% (w/w) is obtained [25]. 

In contrast to a one point determination method, two approaches using intercepts of fits are possible 

to determine wg’ based on a concentration dependent phase diagram (Figure 1). Literature is divided 

over the glass transition temperature of the maximally freeze concentrated solution, stating two 

transitions as Tg’ and Tg’’. The Gordon-Taylor equation can be used to fit exemplarily the glass transition 

of sucrose-water mixtures at different ratios. The intercept of the Tg curve as a function of sucrose 

concentration and Tg’’ at approx. -45°C for sucrose renders wg’. Alternatively, the intercept of the 

melting temperature (Tm) as a function of sucrose concentration curve and Tg’ at approx. -34°C for 

sucrose leads to wg’. For sucrose a wg’ of 81 - 83% (w/w) results with both methods [26-31]. For 

trehalose different wg’ values, ranging from 70% to 83% (w/w), are reported [32, 33].  

Furthermore, a linear function of the ice melting enthalpy against the solid concentration can be 

extrapolated to ΔH = 0 J/g to obtain wg’ [34-36]. This is a simple method without the need for major 

mathematical theories. Thereby, a wg’ of sucrose of 79% (w/w) results [34]. Thus, overall rather 

different wg’ values are reported for sucrose ranging from 64% [21, 37], 77% [29], up to 82% [25, 26, 

38] and for trehalose ranging from 71 to 83% [32, 33]. Other reported wg’ values of excipients relevant 



for freeze-drying are 46% for polyethylene glycol 40000, which increased with the addition of sucrose 

at a 1:1 ratio to 60% [39], and 81% (w/w) for citric acid [40]. 

Wg’ is currently not considered, when it comes to freeze drying of proteins. Knowing the exact 

composition can help to prepare the freeze concentrates and study e.g. protein-protein interactions 

or protein stability excluding ice-freeze concentrate interface effects. To answer these questions and 

due to the substantial deviation of wg’ values stated in literature, the aim of this study was to evaluate 

and compare three different DSC based approaches to determine wg’ of sucrose as model substance: 

(i) using the intercept of the Tg’ and Tm curves; (ii) using a linear regression of the melting endotherm; 

and (iii) using a one point measurement of the frozen water based on the melting endotherm. The 

methods were to be evaluated with respect to accuracy and effort. Subsequently the wg’ of different 

formulations relevant for lyophilisates of biopharmaceuticals was to be analysed. Besides sugar and 

protein also buffers, amino acids, and NaCl as excipients were evaluated. 

 

2. Materials and Methods 

2.1 Materials 

Sucrose, L-histidine base, L-histidine monohydrochloride, L-arginine base, and L-arginine 

hydrochloride monohydrate (ArgHCl) were purchased from Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany. Sodium dihydrogen phosphate dihydrate, disodium hydrogen phosphate dihydrate, citric 

acid anhydrous, and sodium chloride were obtained from VWR International, Ismaning, Germany. All 

samples were prepared with highly purified water (HPW; Sartorius Arium Pro, Sartorius, Göttingen, 

Germany). A monoclonal IgG1 antibody (mAb) in 15 mM histidine buffer pH 5.3 was used as standard 

protein. 

 



2.2 Methods 

2.2.1 Determination of wg’ 

2.2.1.1 Differential scanning calorimetry (DSC) 

Tg’ and Tm were determined with a Netzsch Polyma 214 (Netzsch, Selb, Germany), a DSC 821e (Mettler 

Toledo, Gießen, Germany), a TA Discovery (TA Instruments, New Castle, DE, USA), and a TA Q2000 (TA 

Instruments) under N2 atmosphere. Low concentration samples are difficult to determine due to a high 

requirement for sensitivity and therefore different instruments were explored. 15 - 25 µL solution with 

0% up to 65% (w/w) solid content was weighted into aluminium crucibles and sealed hermetically. The 

samples were cooled from 20°C to -60°C (-40°C only for Netzsch) at 5°C/min, reheated to -30°C at 

2°C/min, held for 1 h to ensure complete ice formation [29], cooled to -60°C (-40°C only for Netzsch) 

at 5°C/min, and finally heated to 20°C at 2°C/min. Calibration was performed with indium as provided 

by the manufacturer. Netzsch Proteus Analysis, Mettler STARe, TRIOS, and TA Universal Analysis 

software were used for data analysis. The specific heat capacity of water (ΔCp) was evaluated with a 

tangential step before and after the ice melting in a pure HPW sample. The melting enthalpy (ΔH) was 

evaluated by an integration starting from the beginning of the Tg’ endothermal shift and ending at the 

return to baseline after the melting event. Sigmoidal or spline baseline settings were used for the 

integration. 

 

2.2.1.2 Calculation of wg’ 

2.2.1.2.1 Method 1: Intercept of Tg’ and Tm curves 

Values of Tm vs. the relative solid content (x) were fitted to the Chen model (Equation (1)), an extension 

of the Clausius-Clapeyron equation [31] with Tm and Tw being the melting temperature of sample and 

HPW, respectively, β the molar freezing temperature constant for water (1860 kg∙K/mol), M the molar 

mass of water. B and E were fitted to the experimental data with OriginPro 2018. The onset 

temperature of Tg’ was fitted as horizontal line. Wg’ was determined as the intercept of the Tm curve 

and the onset temperature of Tg’ line. 



Equation (1) 

𝑇𝑚 = 𝑇𝑤 +
𝛽

𝑀
∙ ln

1 − 𝑥 − 𝐵𝑥

1 − 𝑥 − 𝐵𝑥 + 𝐸𝑥
 

 

2.2.1.2.2 Method 2: Linear regression 

The obtained DSC thermograms were integrated from the onset temperature of Tg’ until the end of 

the melting peak with a sigmoidal baseline type to obtain the melting enthalpy ΔH. A linear regression 

function of the ice melting enthalpy against the solid concentration was extrapolated to ΔH = 0 J/g to 

calculate wg’. 

 

2.2.1.2.3 Method 3: Single sample determination 

The effective fusion enthalpy of ice in solution Le was calculated from the specific heat coefficient ΔCp, 

Tm and Tw (Equation (2)). The amount of frozen water wf (Equation (3)) is obtained from the melting 

enthalpy of the sample ΔHs, the sample mass ms filled in the pan, the melting enthalpy of water ΔHw 

and Le (adapted from [24] including the assumptions of neglectable effects of the ice melting enthalpy 

on the temperature and heat dilution). Finally, wg’ is calculated sample dependent with the solid 

content (solute concentration cs and sample mass ms), the total water content wtotal and wf 

(Equation (4)). 

Equation (2) 

𝐿𝑒 = Δ𝐶𝑝 ∙ (𝑇𝑚 − 𝑇𝑤) 

Equation (3) 

𝑤𝑓 =
Δ𝐻𝑠  ∙ 𝑚𝑠

Δ𝐻𝑤 + 𝐿𝑒
 



Equation (4) 

𝑤𝑔
′ =

𝑐𝑠 ∙  𝑚𝑠

(𝑊𝑡𝑜𝑡𝑎𝑙 − 𝑊𝑓) + 𝑐𝑠 ∙ 𝑚𝑠
 

 

2.2.2 Determination of wg’ in ternary and higher systems 

The compositions tested are listed in Table 1. Arginine citrate (ArgCitr) powder (residual moisture 

5.35%) was produced by spray drying (Mini Spray Dryer B-290, Buchi, Essen, Germany) an arginine 

citrate solution pH 6.0. An 8% (w/w) solution was spray dried at 140°C inlet temperature, 81°C outlet 

temperature, 70% aspiration, 600 L flow, and 10% pump speed. mAb was dialysed against the 

individual buffers or HPW with a 10-fold buffer exchange in Vivaspin® 20 Ultrafiltration Uni (30 kDa, 

Sartorius, Goettingen, Germany) and upconcentrated if necessary.  

The formulations were prepared at consistent solute ratios but different total solid content ranging 

from 10% up to 50% w/w.  

 

3. Results and Discussion 

3.1 Evaluation of methods to determine a maximally freeze concentrated system 

The first aim of this study was to identify the most suitable method to determine wg’ of a maximally 

freeze concentrated system balancing accuracy and sample and time consumption. 1.5% up to 

65% (w/w) sucrose solutions were analysed using three methods. 

The first method makes use of the intercept of two curves. The first curve represents the linear fit of 

the onset of Tg’. The second curve reflecting the Tm peak is fitted with the Chen model, adapted from 

the Clausius-Clapeyron equation [31, 41] resulting in B and E of 0.056 ± 0.0063 and 

8.19∙10-5 ± 9.84∙10-6, respectively. The Tm curve and Tg’ onset temperature (around -34°C) complies 

with literature data [42, 43]. The intercept of the two curves reflects wg’ (Figure 2). Method 1 results 

in 77.4 ± 1.7% sucrose in the maximally freeze concentrated system. 



Method 2 utilises the solute concentration dependent change in the melting enthalpy to obtain wg’. 

The DSC thermogram is integrated for ΔH starting at the onset of Tg’ until the end of the melting event 

(Figure 3). The linear fit of ΔH is extrapolated to 0 J/g, which reflects the freeze concentrated state 

(Figure 4) [35]. This method 2 results in a wg’ of 75.2 ± 0.8% sucrose in this binary freeze concentrate. 

The third method directly calculates wg’ (Figure 5B) from the amount of frozen water of a specific 

sample obtained from the DSC melting enthalpy (Figure 5A). The experimental ΔCp of 2.10 ± 0.01 J/gK, 

Tw of 0.4 ± 0.3°C, and ΔHw of 347 ± 2 J/g are in agreement with the literature values of 2.06 J/gK, 0°C, 

and 333 J/g, respectively [44, 45]. An exemplary thermogram can be found in supplementary 

information. This method results in wg’ for sucrose of 77.0% in the freeze concentrated state. The 

frozen water content could be determined with low standard deviation independent of the sugar 

concentration. But the small error in the amount of unfrozen water at low concentration samples led 

to high standard deviations in the calculated wg’. Sugar concentrations of 30% and higher prompted 

reliable wg’ values with a low standard deviation. Thus, 3.5% (w/w) sucrose resulted in a wg’ of 

79.3 ± 10.6%, whereas 62% (w/w) sucrose showed a wg’ of 77.7% ± 0.2%. But these high solid contents 

are not used in lyophilisation of parenteral products.  

All three tested methods resulted in a narrow range of wg’ values of 75.4 – 77.4%, whereas literature 

stated wg’ values between 64% and 83% [21, 25, 27, 29, 34]. Comparing the three methods, the first 

method is the most accurate since it requires only the evaluation of temperatures without integration 

of thermograms. However, a rather high number of samples with high solid content needs to be 

prepared and analysed, which is time consuming. This is mandatory to apply the Chen model to fit Tm 

and a new fit is required for each formulation. Considering poorly soluble excipients or rather high 

concentrations of proteins like antibodies, this method has its limitations. The second method could 

be used with less, at least five different concentrations preferably between 5% and 45%, for a simple 

linear fit of the melting enthalpy (same result for wg’ with p < 0.05 according to t-test). The third 

method is an even further simplification using only one single sample with a solid content of 30% or 

higher. With lower solid content, the error becomes inacceptable. Analysis of only one higher 



concentration sample showed more reliable results but still differed from the mean. DSC systems with 

higher sensitivity might be used with lower solid contents rendering method 3 superior. Overall, 

method 2 is the most applicable approach taking sample number and therefore measurement time, 

calculation of wg’, and reliability of the results into account. Method 2 was therefore subsequently 

used to analyse the wg’ of different formulations.  

 

3.2 Wg’ in protein containing samples 

Subsequently method 2 was used to evaluate wg’ of sucrose and trehalose based formulations. The 

effect of histidine buffer and phosphate buffer at pH 5.3 and 7.4 as well NaCl was tested. In addition, 

the influence of the mAb concentration on the composition of the freeze concentrate was studied 

considering up to 200 g/L protein formulations. Furthermore, sugar free systems based on arginine 

hydrochloride, arginine citrate, and sodium chloride as sole excipient were tested with and without 

mAb. 

Adding mAb to sucrose at different ratios up to Suc:mAb 7:20 did not impact wg’, with values between 

74.3% and 78.0% for different mAb concentrations and 75.2 ± 0.8% for pure sucrose. mAb addition did 

not lead to a change in wg’ of the system (Figure 6). In addition, we could show that buffer did not 

significantly lower wg’ of Suc + His 5.3 (wg’ of 73.1 ± 1.6%), Suc + His 7.4 (73.8 ± 1.4%), Suc + Phos 5.3 

(72.9 ± 1.2%), and Suc + Phos 7.4 (73.6 ± 1.5%). Addition of salt resulted in a decrease of wg’ of freeze 

concentrates to 72.4 ± 2.3% and 70.4 ± 2.0% for Suc + 0.4 NaCl and Suc + 0.8 NaCl as found by Her et 

al. [46]. NaCl alone without further excipient with mAb crystallised during the freezing and annealing 

process in the DSC. The eutectic concentration of NaCl-water is composed of 23.3% (w/w) NaCl [47]. 

Therefore, the integration was performed starting at the beginning of the eutectic temperature until 

the end of the melting event. Wg’ of crystallised NaCl and mAb at a 0.4:1 ratio was 67.7 ± 3.4%, which 

was significant lower compared to the system Suc + 0.4 NaCl containing sucrose:NaCl:mAb in a ratio 

of 7:0.4:1 (p < 0.05, t-test).  



Trehalose as alternative disaccharide rendered a wg’ similar to sucrose with 73.0 ± 2.7%. Crystallisation 

of trehalose can occur in case of annealing and thereby influencing wg’ [48]. DSC thermograms did not 

indicate crystallisation. Again, the addition of histidine buffer pH 5.3 to the sugar did not affect wg’. 

Sugar-free formulations based on L-arginine may present an alternative for freeze-drying of protein 

drugs [49]. Other than sugar, arginine does not promote preferential exclusion in the solution to be 

freeze dried. Arginine is able to form hydrogen bonds with protein molecules and undergoes ion-dipole 

interactions [50], which might affect wg’. Arginine hydrochloride can reduce protein-protein 

interactions, which can lead to a significant reduction in viscosity at high concentrations [51]. Such high 

concentrations are expected for protein containing freeze-concentrates. ArgCitr, ArgHCl, and ArgHCl 

with mAb (ArgHCl:mAb 5:0.2) showed wg’ values of 79.6 ± 3.1%, 72.4 ± 2.0% and 72.7 ± 2.3%, 

respectively. Due to the Tg’ and Tg increasing influence of citric acid, wg’ of ArgCitr might be influenced 

[52]. 

Subsequently the wg’ of the mAb and its potential effect in mixtures with excipients was analysed. 

However, wg’ is difficult to determine since a glass transition of the mAb cannot be detected. It is 

estimated to be at around -15°C [53]. According to the onset of the melting peak in the thermograms 

(drop in baseline) the onset temperature of Tg’ could be approximated to be around -25°C ranging from 

0.2% mAb up to 30% mAb (Figure 7). The obtained wg’ of pure mAb was 80.8 ± 3.4%.  

With the determined wg’ values, the composition of the maximally freeze concentrate can be 

calculated taking the initial solid content of the formulation into account. Other than the solid content 

at the concentration of wg’ only unfrozen water remains. The wg’ of mAb-sugar mixtures was 

independent of the mAb concentration. However, increasing the mAb concentration results in 

different mAb to sugar or excipient ratios in the freeze concentrate. Table 2 states some examples with 

different mAb to sucrose ratios, ranging from low to high mAb concentrations. A formulation with 

20% mAb will result in around 56% (w/w) mAb in the concentrated state with only 22% (w/w) H2O and 

20% (w/w) sucrose.  



Histidine buffer resulted in a marked decrease in ionic strength of 275 mM to 156 mM with increasing 

pH values. Phosphate buffer increased in ionic strength to 302 mM and 391 mM for a pH of 5.3 and 

7.4, respectively. NaCl caused an enormous increase in ionic strength in the freeze concentrated to 

1.4 M. The high ionic strength in NaCl-containing samples could possibly influence the system by 

decreasing Tg’ and thus wg’ [14]. However, wg’ was influenced neither by different sugar 

concentrations, differences in ionic strength nor the mAb concentration. No systematic analysis of wg’ 

with different mAb containing formulations has been stated so far. The up-concentration of proteins 

can lead to an increase in attractive protein-protein interactions or phase separation with a loss in 

stabilising protein-excipient interactions. These effects in combination with high ionic strength could 

foster potential protein instability [4, 7].  

Furthermore, the freeze concentrate was also determined to be between 72.4% and 79.6% in sugar 

free arginine systems. Crystallisation of NaCl as sole excipient resulted in slightly lower total solid 

content with around 67.6% in the up-concentrated state, which was significant lower compared to 

amorphous matrix forming systems. 

 

4. Conclusion 

Different DSC methods were previously reported in literature to determine the amount and the water 

content of the maximally freeze concentrated solution formed upon freezing solutions [24, 31, 35]. 

Knowledge of the composition can help to judge protein drug instability during freeze-drying and can 

enable to prepare the freeze concentrate and analyse its properties. We evaluated three different 

approaches for analysis of the freeze concentrate composition. Using the intercept of concentration 

dependent Tg’ and Tm curves requires a large number of samples with different total solid content and 

samples of high total solid content of >30%. The high number of different samples results in an 

accurate result for the composition of the freeze concentrate. Analysis of the frozen water content 

and with that wg’ of only one sample is rather limited and dependent on the total solid content and 

the sensitivity of the DSC system. Higher solid contents are recommended for this method. A very good 



compromise is to determine the frozen water content of samples of 10 – 30% solid content based on 

the AUC of the melting event and to extrapolate. This method renders reproducible results with little 

sample and time consumption. 

Overall, the total solid content wg’ of the maximally freeze concentrated solution of sugar based 

amorphous protein solutions lays between 70% and 80% total, regardless the different additional 

excipients. Buffers or salt tend to decrease the wg’ values, however, without statistical significance. 

The mAb concentrations did not affect wg’. Sugar free arginine formulations show similar wg’ values 

between 70% and 80%.  

The process of freeze concentration leads to increased viscosities, potential crystallisation of solutes, 

phase separation, or high ionic strengths [2, 4, 7]. Thereby, increased protein concentration is 

accompanied by more protein-protein interactions. Eventually, the combination with pH shifts due to 

buffer crystallisation or high ionic strength can force protein instabilities. In following studies, freeze 

concentrates of different formulations will be produced and protein stability evaluated accordingly.  
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Table 1 

Abbreviation Formulation Sugar Buffer Further excipient mAb 

Suc Sucrose 7 -- -- 0, 0.2, 1, 5, 20 
Suc+His 5.3 Sucrose + Histidine pH 5.3 7 0.23 -- 0, 0.2, 1 
Suc+His 7.4 Sucrose + Histidine pH 7.4 7 0.23 -- 0, 0.2, 1 
Suc+Phos 5.3 Sucrose + Phosphate pH 5.3 7 0.15 -- 0, 0.2, 1 
Suc+Phos 7.4 Sucrose + Phosphate pH 7.4 7 0.15 -- 0, 0.2, 1 
Suc+0.4NaCl Sucrose + NaCl 7 -- 0.4 0, 0.2, 1 
Suc+0.8NaCl Sucrose + NaCl 7 -- 0.8 0, 0.2, 1 
Tre Trehalose 7 -- -- 0, 0.2, 1, 10 
ArgCitr Arginine citrate -- -- 5 -- 
ArgHCl Arginine*HCl -- -- 5 0, 0.2 
NaCl NaCl -- -- 0.4 1 
mAb mAb -- -- -- pure 

 

 

  



Table 2 

wg’ 
[%] 

Starting liquid Freeze concentrate 

Sucrose 
[%] 

Histidine 
buffer [%] 

mAb [%] H2O [%] 
Sucrose 

[%] 
Histidine 

buffer [%] 
mAb [%] H2O [%] 

74.3 7 -- 0.2 92.8 72.2 -- 2.1 25.7 

72.4 7 0.23 1 92.0 61.6 2.0 8.8 27.6 

78.0 7 -- 20 73.0 20.2 -- 57.8 22.0 
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